Analysis of Globulin-1 promoter activity and the expression of GFP in transgenic maize seed tissues and processing of GFP-containing grain by Shepherd, Colin
Retrospective Theses and Dissertations Iowa State University Capstones, Theses andDissertations
2007
Analysis of Globulin-1 promoter activity and the
expression of GFP in transgenic maize seed tissues
and processing of GFP-containing grain
Colin Shepherd
Iowa State University
Follow this and additional works at: https://lib.dr.iastate.edu/rtd
Part of the Agricultural Science Commons, Agriculture Commons, Agronomy and Crop
Sciences Commons, Horticulture Commons, and the Molecular Biology Commons
This Dissertation is brought to you for free and open access by the Iowa State University Capstones, Theses and Dissertations at Iowa State University
Digital Repository. It has been accepted for inclusion in Retrospective Theses and Dissertations by an authorized administrator of Iowa State University
Digital Repository. For more information, please contact digirep@iastate.edu.
Recommended Citation
Shepherd, Colin, "Analysis of Globulin-1 promoter activity and the expression of GFP in transgenic maize seed tissues and processing
of GFP-containing grain" (2007). Retrospective Theses and Dissertations. 15996.
https://lib.dr.iastate.edu/rtd/15996
Analysis of Globulin-1 promoter activity and the expression of GFP in transgenic maize 
seed tissues and processing of GFP-containing grain 
 
 
by 
 
 
Colin Shepherd 
 
 
 
A dissertation submitted to the graduate faculty 
 
in partial fulfillment of the requirements for the degree of 
 
DOCTOR OF PHILOSOPHY 
 
 
 
 
Major: Genetics 
 
 
 
Program of Study Committee: 
Paul Scott, Co-major Professor 
Kan Wang, Co-major Professor 
Adam Bogdanove 
Gwyn Beattie 
Lawrence Johnson 
 
 
 
 
Iowa State University 
 
Ames, Iowa 
 
2007 
 
 
Copyright © Colin Shepherd, 2007.  All rights reserved. 
 
 
UMI Number: 3274825
3274825
2007
UMI Microform
Copyright
All rights reserved. This microform edition is protected against 
    unauthorized copying under Title 17, United States Code.
ProQuest Information and Learning Company 
300 North Zeeb Road
P.O. Box 1346
     Ann Arbor, MI 48106-1346 
 by ProQuest Information and Learning Company. 
 ii 
Table of Contents 
Abstract ............................................................................................................................. iii 
Chapter 1:  General Introduction .......................................................................................1 
DISSERTATION ORGANIZATION .......................................................................................................... 2 
LITERATURE REVIEW ............................................................................................................................ 3 
REFERENCES ......................................................................................................................................... 30 
Chapter 2: Green Fluorescent Protein as a Tissue Marker in Transgenic Maize Seed .. 39 
ABSTRACT ............................................................................................................................................. 39 
INTRODUCTION .................................................................................................................................... 40 
MATERIALS AND METHODS ............................................................................................................... 42 
RESULTS ................................................................................................................................................ 48 
DISCUSSION ........................................................................................................................................... 57 
CONCLUSIONS ...................................................................................................................................... 61 
REFERENCES ......................................................................................................................................... 63 
TABLES AND FIGURES ......................................................................................................................... 65 
Chapter 3:  Dry-milling and Fractionation of Transgenic Maize Seed Tissues with 
Green Fluorescent Protein as a Tissue Marker ................................................................ 77 
ABSTRACT ............................................................................................................................................. 77 
INTRODUCTION .................................................................................................................................... 78 
MATERIALS AND METHODS ............................................................................................................... 80 
RESULTS ................................................................................................................................................ 87 
DISCUSSION ........................................................................................................................................... 90 
CONCLUSIONS ...................................................................................................................................... 94 
REFERENCES ......................................................................................................................................... 95 
TABLES AND FIGURES ......................................................................................................................... 97 
Chapter 4:  Construction and evaluation of a maize chimeric promoter with activity in 
kernel endosperm and embryo ....................................................................................... 103 
ABSTRACT ........................................................................................................................................... 103 
INTRODUCTION .................................................................................................................................. 104 
MATERIALS AND METHODS ............................................................................................................. 107 
RESULTS .............................................................................................................................................. 112 
DISCUSSION ......................................................................................................................................... 119 
CONCLUSIONS .................................................................................................................................... 124 
REFERENCES ....................................................................................................................................... 125 
TABLES AND FIGURES ....................................................................................................................... 127 
Chapter 5:  Glb1 promoter activity in immature leaf correlates with the presence of a 
MITE in the Glb1 promoter region ................................................................................ 138 
ABSTRACT ........................................................................................................................................... 138 
INTRODUCTION .................................................................................................................................. 139 
MATERIALS AND METHODS ............................................................................................................. 141 
RESULTS .............................................................................................................................................. 144 
DISCUSSION ......................................................................................................................................... 147 
CONCLUSION....................................................................................................................................... 151 
REFERENCES ....................................................................................................................................... 151 
TABLES AND FIGURES ....................................................................................................................... 153 
Chapter 6:  General Conclusion ..................................................................................... 157 
Acknowledgments............................................................................................................ 160 
 iii 
 
 
Abstract 
 
The maize (Zea mays L) kernel is perfectly configured to store proteins and nutrients.  The 
major proteins of the maize kernel are known as seed storage proteins because they have no 
enzymatic function and they accumulate to a high level for use during germination of the 
seed as an immediate nutrient source.  These seed storage proteins are responsible for much 
of the nutrient quality of maize when used as a food or feed source.  Understanding the 
regulation of seed storage protein deposition may allow researchers to improve the use of 
maize grain in a variety of food and feed products, as well as industrial and pharmaceutical 
applications.  To understand the regulation of seed storage proteins and to improve the uses 
of maize grain, we have created transgenic maize lines that express the reporter gene Green 
Fluorescent Protein (GFP) under the control of seed storage protein promoters.  Therefore, 
GFP is developmentally and spatially regulated similar to seed storage proteins.  Our results 
indicate that GFP is expressed in seed tissues similar to seed storage proteins.  To better 
utilize grain by dry-milling, we subjected the GFP transgenic grain to a dry-milling process 
and tracked its recovery.  From the results we determined that optimization of dry-milling 
processes can be accomplished using GFP grain.  To better express GFP, and other 
recombinant proteins in maize kernels, we developed a chimeric promoter that can express 
GFP in multiple seed tissues.  Our results indicate that the chimeric promoter has endosperm 
and embryo tissue specificity, and that this promoter can be used to express recombinant 
proteins in maize kernels.  To better understand the activity of the Glb1 promoter, we 
performed experiments that resulted in the correlation of immature leaf activity of the Glb1 
 iv 
promoter with a complex rearrangement within the Glb1 promoter due to transposon 
transposition events.   
 
 
 1 
Chapter 1:  General Introduction 
 
 
 Cereal seeds are one of the most important commodities in the world because they 
are major ingredients in many food, feed, and industrial products.  Within these seeds, 
seed storage proteins accumulate during seed maturation and are the major contributors to 
the seed‟s total protein content.  Cereals in general provide roughly 50-70 % of the 
protein in diets for humans worldwide (Gibbon and Larkins, 2005) with demand for more 
growing with the increasing human population, with roughly 200 metric tons of protein 
for nutritional purposes coming directly from cereal grains (Shewry and Halford, 2002).  
Within cereal seeds, seed storage proteins accumulate during seed maturation and are the 
major contributors to the seed‟s total protein content. 
 The promoters of seed storage proteins function to determine the tissue and 
developmental expression patterns of seed storage proteins.  Maize seed storage protein 
promoters have been well characterized.  In maize, the two best characterized groups of 
seed storage proteins are the globulins and the zeins.  The globulins are expressed in 
embryo and aleurone tissue.  The zeins accumulate to high levels in endosperm tissue.   
 Green Fluorescent Protein (GFP) has become a useful marker to determine the 
biological function of a proteins, gene tissue and developmental expression patterns, and 
promoter activity biological systems.  Transcriptional fusions of a promoter to the GFP 
coding sequence allow the GFP marker gene to be transcribed under the control of the 
promoter in heterologous expression systems.  Therefore, tissue specific expression 
patterns of a promoter can be characterized by expressing promoter-GFP fusions and 
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visualizing the resulting fluorescence in plant tissues.  We have used this system to test 
several promoters in our research. 
 In maize, understanding the regulation of seed storage protein deposition may 
allow us to improve the value of grain.  Improving food and feed products, improving 
efficiencies for dry milling of grain, and improving methods for production of foreign 
proteins in seeds are important applications that will benefit from this knowledge.  The 
overall objective of this study is to add to the understanding of the seed promoters and 
their regulation and to explore their use for improving grain value.   
 
DISSERTATION ORGANIZATION 
 
This dissertation consists of a literature review and three manuscripts, which will be 
submitted for publication in peer reviewed scientific journals, and a final conclusion.  
The literature review is an overview of maize seed storage proteins, their synthesis and 
deposition, their regulation and promoter sequences, with a primary focus on the zeins 
and globulins, and a review of methods for improving grain value such as grain 
processing and producing recombinant proteins in seeds.  The first manuscript reports the 
creation of transgenic maize lines containing the Green Fluorescent Protein (GFP) 
transgene in specific maize seed tissues.  The second manuscript reports the dry milling 
and fractionation of GFP-containing corn and the use of these data to determine the 
efficiency of dry milling.  This represents a significant improvement over current 
methods of estimating dry milling efficiencies, and opens the possibility of improving the 
dry-milling process. The third manuscript reports the creation of a chimeric promoter that 
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drives expression of a GFP transgene in embryo and endosperm tissues simultaneously.  
A general conclusion that reiterates important findings follows the manuscripts.  
 All experiments were carried out by the author of this dissertation as described in 
the manuscripts under the supervision of major professor Dr. Scott, with the following 
exceptions:  Steve Fox, Nathalie Vignaux and other members of Dr. Johnson‟s laboratory 
performed the grain fractionation and compositional analysis.  Dr. Johnson and Dr. Scott 
contributed substantially to the calculation of grain fractionation efficiencies.  Joan 
Peterson and other members of Dr. Scott‟s group assisted with field work, seed handling 
and seed screening.  Members of Dr. Johnson‟s and Dr. Scott‟s groups assisted with 
hand-dissection of GFP grain.  Stable plant transformations through first-generation seed 
production were carried out by the personnel at the ISU plant transformation facility.  
 
LITERATURE REVIEW 
Introduction 
 
 Seeds provide valuable food and nutrition to humans, important feed for 
livestock, and industrial resources including oils and fibers.  A recent addition to the 
importance of seeds is that of a storage and collection reserve for valuable transgenic 
proteins.  In order to develop plants suited to this purpose, it is important to understand 
fully how proteins are deposited in seeds.   
Monocot seeds contain three major tissues: seed coat, embryo, and endosperm.  In 
cereal grains, the seed coat consists of the pericarp and the tip cap and when separated 
from the seed it becomes the major source of bran.  The endosperm in cereals is 
comprised of the aleurone, the starchy endosperm, the tissues surrounding the embryo, 
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and the transfer cells (Olsen, 2004).  The endosperm tissue is the primary storage location 
for proteins and carbohydrates, as well as pigments that accumulate in the aleurone layer 
(Vicente-Carbajosa and Carbonero, 2005).  The embryo is a complex regenerative tissue 
with minor protein storage capability that contains a single cotyledon (scutellum), a shoot 
apical meristem, and other organs that, taken together as the whole embryo, is considered 
a miniature plantlet within the seed (Zimmermann and Werr, 2005).    
 Cereal seeds such as maize, wheat, rice, barley, and oats have protein stores in the 
endosperm and embryo tissues in the form of seed storage proteins that accumulate 
during tissue maturation.  Seed storage proteins are so abundant that they determine the 
mature seed‟s total protein content, which ranges from 10-12% dry weight (Shewry and 
Halford, 2002).  Storage proteins are thought to serve as an amino acid and nitrogen 
source for germination and early seedling growth (Shewry et al., 1995). 
Understanding the regulation of deposition of seed storage proteins, especially 
those of maize, is important for improving food and feed products and the production of 
foreign proteins in seeds.  Characterization of the regulation of seed storage proteins is 
ongoing, and research has shown that seed storage protein promoters are valuable for 
production of foreign proteins (Chikwamba et al., 2003; Hood et al., 2003).  In maize, 
seed storage protein promoters are often used to drive the production of valuable proteins 
in maize kernels because they are well characterized and expression patterns are 
predictable.  These promoters have controlled the production of enzymes, nutraceuticals, 
and biopharmaceuticals in maize seeds (Shewry and Halford, 2002).  In this review, we 
will discuss the current knowledge of maize seed storage proteins, their promoters, and 
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the potential of these promoters for valuable protein production in maize and other uses 
such as to study grain processing. 
 
Overview of Seed Storage Proteins 
 
 Seed storage proteins are important for the nutritional value of cereal seeds.  
Maize seed storage proteins, such as the globulins found in the embryo (Kriz, 1989) and 
the prolamins found in the endosperm (Marks et al., 1985), add to the abundance of the 
maize kernel‟s protein content.  However, the most abundant protein family in the maize 
kernel, the prolamins (called zeins), is deficient in a number of essential amino acids and 
therefore contribute to the low nutritional content of maize.  By contrast, in other cereal 
crops such as oats and rice, globulins accumulate in the endosperm and account for 
roughly 70-80% of protein content.  Globulins are well balanced in amino acid 
composition, making oats and rice high in nutritional value when compared to cereals 
such as wheat, barley, and maize (Shewry and Halford, 2002).   
 
Classification 
 
 Seed storage proteins have been classified in a number of ways.  One method of 
classification is based on the Osborne fractionation principles that classify the proteins by 
their solubility in solvents such as water, saline solutions, and alcohol (Osborne, 1924).  
Osborne‟s classification system is still used today, and the major seed storage proteins are 
broken down into groups on the basis of extraction in dilute acid or alkali (glutelins), 
dilute saline (globulins), alcohol/water (prolamins), and water (albumins) (Shewry et al., 
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1995).  However, other classifications such as site of deposition, metabolic properties 
(Hills, 2004), and to a lesser extent allergen properties (Breiteneder et al., 2005), are also 
used to separate and classify seed storage proteins.  These methods are necessary because 
seed storage proteins lack enzymatic properties, and therefore, must be classified by 
physical properties.   
 
Biological Role 
 
 Plants accumulate reserves of proteins, starch, and lipids that are stored for later 
use as needed.  These storage reserves are commonly stored during conditions of optimal 
growth and health of the plant and are preserved in the seed tissues.  During seed set and 
maturation seed storage protein content is increased.  In the seed, protein stores are 
preserved long term until the conditions are right for germination, at which time they are 
used as an amino acid resource for germination and seedling growth (Shewry and 
Halford, 2002).  As germination progresses, other sources of nutrients become available 
through the roots and through photosynthesis by the immature leaf.   
 
Synthesis and Deposition of Seed Storage Proteins 
 
 The translation of seed storage proteins occurs on the rough endoplasmic 
reticulum (ER) (Chrispeels, 1991).  After translation, the seed storage proteins can either 
remain in the ER or be transported to their storage destination.  The primary 
accumulation of seed storage proteins occurs in protein storage vacuoles in the embryo or 
endosperm tissue, or as protein bodies within the ER (Herman and Larkins, 1999).  The 
exact mechanism for the transport and synthesis of seed storage proteins is not 
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completely understood.   It also remains to be determined how the seed storage proteins 
are sorted in the Golgi (Crofts et al., 2005).  Storage proteins begin to accumulate after 
cell division is completed and only after growth is occurring by cell expansion (Herman 
and Larkins, 1999).   
 In maize, there are seed storage proteins that accumulate in specific seed tissues 
such as the endosperm and embryo.  The globulins of maize accumulate in the embryo 
and to a lesser extent in the aleurone layer (Kriz, 1989).  Interestingly, globulins in other 
cereal seeds such as oats and rice are the major endosperm protein (Shewry and Halford, 
2002).  The major endosperm proteins of cereals, except for oats and rice, are the 
prolamin class of seed storage proteins.  In maize, prolamins are the major seed storage 
proteins of the endosperm tissue.   
 
Regulation of Seed Storage Proteins   
 
Seed protein synthesis is tightly controlled by environmental, developmental, and 
response signals.  These signals are in the form of hormonal signals that include abscisic 
acid (ABA), ethylene, and gibberellin (Finkelstein et al., 2002), as well as metabolites, 
sugars, and light (Brocard-Gifford et al., 2003).  In maize, synthesis of seed storage 
proteins was shown to be controlled by availability of nitrogen in the ear (Singletary and 
Below, 1990).  In addition, nitrogen and sulfur levels in relation to each other are also 
directly responsible for the amount of storage protein accumulation in the seed during 
development (Tabe et al., 2002).     
A good example of seed protein synthesis controlled by environmental and 
developmental signals is protein synthesis in response to ABA.  ABA is important during 
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the entire growth of the plant and is part of signaling cascades that respond to stress, 
including cold stress, drought, and wounding (Shinozaki and Yamaguchi-Shinozaki, 
2000) as well as inhibition of early embryo germination, switching from vegetative to 
reproductive growth, and advancement of seed desiccation and dormancy (Leung and 
Giraudat, 1998).  Some of these regulatory pathways respond directly by an enzymatic 
interaction with the ABA molecule, such as quick stomatal closure in drought response 
(Ingram and Bartels, 1996).  However, most responses to ABA are activated by gene 
regulation (Finkelstein et al., 2002).  Genes with Abscisic Acid Response Elements 
(ABREs) located within their promoters respond to levels of ABA in the plant by a gene 
regulatory pathway. 
Seed storage reserves such as carbohydrates and proteins accumulate in the 
embryo and endosperm during seed maturation by a complex gene regulatory pathway in 
response to the physiological and metabolic conditions in the seed (Vicente-Carbajosa 
and Carbonero, 2005).  Starch begins to accumulate as early as 4 days after pollination 
while proteins and lipids begin accumulating 10-12 days after pollination, and continue to 
accumulate until maturation (Vicente-Carbajosa and Carbonero, 2005).  Seed dormancy 
is reached at maturity and protein, lipids, and carbohydrates are stored in seed tissues, 
awaiting favorable conditions for germination. 
Maize seed storage proteins are regulated in a developmentally and tissue specific 
manner, with prolamins (zeins) accumulating mostly in the endosperm and globulins 
accumulating mostly in the embryo.  Understanding the regulation of maize seed storage 
proteins has focused primarily on transcriptional regulation, whereby transcription factors 
that bind to DNA elements in the promoters of seed storage proteins are the key 
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activators of transcription (Lara et al., 2003).  Transcription factors like the bZIP G-box 
binding factors are known regulators of seed storage protein expression and are important 
in the specific regulation of zein and globulin genes (Geetha et al., 1991; Hobo et al., 
1999).   
Transcription is one of the key points of control for gene expression.  Gene 
transcription is activated by the recruitment of the transcription machinery to the TATA 
box of the gene‟s promoter.  This recruitment occurs mostly by protein intermediates 
called transcriptional activators.  Transcription activators frequently are a two part 
system, consisting of the DNA-binding proteins called transcription factors that perform 
the recruitment or repression of the transcriptional machinery, and the DNA elements 
located within the promoter that transcription factors interact with to spatially locate the 
transcriptional machinery relative to the TATA box so transcription can occur.  DNA 
elements are usually located within the promoter, however, some are located downstream 
of the transcription start site within the gene itself, or even may be 3‟ of the coding 
sequence (Dorsett, 1999).  Interactions between DNA elements and transcription factors 
are important for the initiation of transcription, which is considered one of the most 
important control mechanisms in gene expression (Rombauts et al., 2003).  Interestingly, 
the Arabidopsis genome contains roughly 1,500 genes that act as transcription factors, 
almost 5% of the Arabidopsis genes (Arabidopsis-Genome-Initiative, 2000), which gives 
some indication of their importance in gene regulation. 
Several mutations in the transcriptional regulation mechanism that impact maize 
seed storage protein accumulation have been reported (Ueda et al., 1992).  One mutation 
known to affect the regulation of seed storage proteins is the opaque2 (O2) mutation that 
 10 
affects maize endosperm zein levels, especially that of the 22kDa zein family (Kodrzycki 
et al., 1989).  This mutation raises the nutritional quality of maize kernels by lowering the 
transcription levels of zein genes, thereby increasing the total lysine content (Gibbon and 
Larkins, 2005).  This mutation was used to develop quality protein maize that aims to 
combat human nutritional deficiencies around the world. 
Transcriptional regulation is just one method of gene regulation.  Other regulatory 
mechanisms at the post-transcriptional and post-translational level are known to exist 
(Hills, 2004).  The maize 27kDa γ-zein endosperm transcript levels strongly correlate to 
its protein level, which suggests little post-transcriptional or post-translational regulation 
(Woo et al., 2001).  Post-translational modifications include mechanisms such as 
phosphorylation, acylation and glycosylation that introduce structural changes in proteins 
that affects their stability and interactions with other proteins (Kwon et al., 2006).  When 
taken together, transcriptional, post-transcriptional and post-translational gene regulation 
results in a complex and affective regulation mechanism of gene expression.   
 
The Prolamin Superfamily 
 
The prolamin superfamily of seed proteins is limited in sequence similarity; however, all 
members of this family have a conserved „skeleton‟ of eight cysteine residues with 
sequence of: C-Xn-C-Xn-CC-Xn-CXC-Xn-C-Xn-C (Kreis et al., 1985).    The prolamin 
superfamily is made up of two major groups of proteins.  The first group is low-
molecular mass (below 15000 Da) sulfur-rich seed proteins that most importantly include 
the 2S albumins from dicotyledonous seeds (Shewry and Pandya, 1999).  The second 
group of proteins is the cereal prolamins, the major storage proteins of cereal grains, and 
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are characterized by their insolubility in water but solubility in dilute alcohol solutions 
(Shewry et al., 2002).  This diverse group of proteins is known as the glutenins in wheat, 
the secalins in rye, the hordiens in barley, and the zeins of maize and is a key factor in the 
nutritional quality of the cereal grain.   Common to the storage proteins within the 
prolamin superfamily is short peptide repeats near the N-terminal domain that are rich in 
prolamin and glutamine.  These repetitive domains appear to be near the cysteine rich 
domains that are common to all prolamins (Shewry et al., 1995).  The sub-sections below 
will discuss the key proteins within this diverse group; the albumins and the zeins. 
 
Albumins 
 
 The albumin class of seed proteins is primarily found as the major protein in dicot 
seeds.  In soybean for example, albumins and globulins together account for up to 90% of 
the soy protein content and the amino acid nutrients that make soybean a valuable protein 
source (Brandon and Friedman, 2002).  Most albumins are heterodimeric proteins that 
consist of two polypeptide chains that have molecular weights of 9kDa and 4kDa that 
were cleaved from a single peptide chain and linked through disulfide bonds (Ericson et 
al., 1986).  Differences from this structural conformation do exist, but similar to all 
albumins is the compact globular nature and conserved cysteine residues (Brandon and 
Friedman, 2002).  Because of the rich methionine content of albumins, these proteins 
have been candidates for genetic engineering to improve nutritional value of many seeds.  
 
Zeins 
 
 In maize, the prolamin class of seed storage proteins is called zeins and it‟s the 
major protein contributor to the endosperm protein content.  The zeins exist as groups of 
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gene families and account for 70% of total maize endosperm protein content (Zarkadas et 
al., 2000).  The zein amino acid content is largely responsible for the nutritional 
imbalance that maize exhibits as zeins are deficient in the essential amino acids 
tryptophan and lysine.  The zeins are classified into four groups, -, -, -, and , and can 
be further separated by SDS-PAGE into separate weight classes such as 10, 14, 16, 19, 
22, and 27 kDa (Shewry and Tatham, 1990).   
 The most abundant group of zeins is the -zeins comprised of the 19kDa and the 
22kDa zeins.  This group exists in the maize genome as two large gene families 
containing dozens of genes in each family that contribute to the high levels of -zein 
endosperm protein content (Song et al., 2001; Song and Messing, 2002).  The 19kDa zein 
and the 22kDa zein contain 9 to 10 amino acid repeats of roughly 20 residues 
(LZZF/LLPA/FNQLA/LA/VANSPAYLQQ) (Garrat et al., 1993).  The lack of essential 
amino acids within this repeat region accounts for much of the low nutritional quality of 
maize kernels.   
 The second most abundant group of zeins is the -zeins of which the 27kDa zeins 
are the most abundant.  The 27kDa zein has a series of eight tandem repeats of the amino 
acid sequence PPPVHL.  The 27kDa -zein exists as only 1-2 copies in the genome 
(Boronat et al., 1986), yet interestingly, the 27kDa -zein can accumulate to 15% of total 
endosperm protein (Marzabal, 1998).  Other zeins including the 15kDa -zein, the 16kDa 
-zein, and the 10kDa -zein also exist as few copies in the genome, however, none 
accumulate to levels of the 19kDa, 22kDa, or the 27kDa zeins (Wilson and Larkins, 
1984).  
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Regulation of Zein synthesis 
 
 The 19kDa and 22kDa -zeins are regulated in part by the transcriptional 
regulator O2.  The O2 gene encodes a basic-leucine zipper (bZIP) transcription factor that 
interacts with DNA at specific sites with an ACGT core sequence that is representative of 
g-box binding proteins (Schmidt et al., 1990).  O2 was shown to bind to promoters of the 
19kDa and 22kDa -zeins at the O2 box, and also was shown to activate expression 
using a reporter gene (Ueda et al., 1992).  Upstream of the O2 box in all zein gene 
promoters is the highly-conserved 7-bp sequence of TGTAAAG called the prolamin (P 
box) which is generally considered a transcriptional enhancer (Quayle and Feix, 1992). 
The protein that binds to this region is a zinc-finger transcription factor called the 
prolamin binding factor (PBF) (Vicente-Carbajosa et al., 1997).  O2 and PBF are known 
to act additively to activate transcription in a developmental and endosperm specific 
manner in maize, but in addition, this interaction can promote transcription of storage 
proteins in rice (Hwang et al., 2004).  Another protein that interacts with O2 is Opaque2 
heterodimerizing protein (OHP), which was shown to bind to the O2 box as a 
homeodimer as well as interacting with O2 as a heterodimer (Pysh et al., 1993).  The 
transcriptional activity of the -zein gene families can be characterized by measuring the 
%EST‟s, which essentially gives a relative copy number of each transcript in a given 
tissue.  Woo et al. (2001) reported that -zein transcripts accounted for 30% of all 
endosperm transcripts, with most coming from three genes from the 19kDa and the 
22kDa zein family, designated as the 19kDa B1, the 19kDa B3, and the 22kDa Z1.  
Conventional thought is that large multi-gene families will have large numbers of 
transcripts due to the number of genes undergoing transcription.  However, it was shown 
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that of the 75-100 -zein genes in the genome, only a relatively small number of genes 
are actually being transcribed (Woo et al., 2001).  This suggests that the -zein 
promoters, when activated by O2 and PBF, are strong promoters that are capable of 
producing the large number transcripts of the -zeins genes that are observed in mature 
maize endosperm. 
 The regulation of expression of the 27kDa -zein occurs during endosperm 
development starting 10 DAP and occurring throughout most of the starchy endosperm 
by 15 DAP.  At this stage of development, the -zein transcript is at its peak.  At 1-2 
copies in the genome, the transcript levels of the -zein shows that the 27kDa -zein 
promoter is very active.  The 27kDa -zein does contain O2 and PBF binding sites similar 
to other zeins, however the O2 mutation does not affect -zein expression levels (Geetha 
et al., 1991; Ueda et al., 1992).  This is mainly due to another transcriptional activation 
pathway with cis elements upstream of the O2 and PBF binding sites called the 
bifactorial endosperm box (Marzabal, 1998).  The bifactorial endosperm box contains 
two motifs located within a few base pairs of each other.  The 5‟ motif is a P box-like or 
endosperm box-like motif with the sequence TGT/CAAAG.  Several P box-like motifs 
exist in the maize 27kDa -zein promoter.  The P box-like motif located within the 
bifactorial endosperm box is known as Pb3 (Marzabal, 1998).  The 3‟ motif sequence is 
G/ATGAGTCAT/C and is known as the GZM box in maize (Marzabal, 1998), but 
similar boxes do exist such as the GCN4 box in yeast (Hill et al., 1986).  Promoter 
analysis has shown that for complete function of the 27kDa -zein promoter, the 
bifactorial box must be intact (Marzabal, 1998).   
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Globulin Storage Proteins 
 
The globulins are a diverse and widely distributed group of storage proteins that can be 
found in dicots and monocots (cereals).  The globulins are significant nutritionally 
because they are deficient in cystiene and methionine, key amino acids necessary for in 
animal nutrition.  The globulins can be divided into two groups; the 7S vicilin-type 
globulins and the 11S legumin-type globulins.  The 7S globulins are commonly formed 
as trimeric proteins in the range of 150-190kDa, with each subunit in the range of 40-
80kDa.  Interestingly, the three-dimensional structure of the 7S globulins has been 
determined using x-ray crystallography and shown to be disk shaped (Lawrence et al., 
1990).  The 11S globulins represent the major storage proteins in most legumes and some 
some cereals (oats and rice).  These storage proteins accumulate as a hexameric protein 
that is formed by proteolytic cleavage of the subunit pairs (Shewry et al., 1995).   
 
 
Globulins of maize 
 
 The maize embryo contains well characterized globulin storage proteins that are 
soluble in salt solution and are similar in size to the 7S vicilins of legumes (Kriz, 1999).  
The globulins in maize accumulate in protein bodies and act as true storage proteins, with 
null mutants having no perceivable biological disadvantage (Kriz and Wallace, 1991).  
Maize globulins are known to accumulate to 10-20% of embryo protein content with the 
gene product of Glb1 representing at least ½ of this amount (Kriz, 1989).  Glb1 is present 
in the genome in only one copy in maize and Glb1 transcripts accumulate to relatively 
low levels when compared to those of zeins.   
Globulin Regulation   
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 Globulin regulation is well characterized and described in detail.  Globulins 
accumulate in the developing embryo in response to the plant hormone ABA (Liu and 
Kriz, 1996).  ABA interacts, through transcription factors, with cis elements called 
ABREs in many different gene‟s promoters such as Em of wheat, rab17 of maize, the 
HVA1 gene of barley, and Glb1 of maize (Busk et al., 1997; Liu et al., 1998).  The ABRE 
consensus sequence C/TACGTGGC has an ACGT core that is common to G box binding 
proteins, however, this core is not necessary for ABA responsiveness (Kao et al., 1996).  
The ABRE binding elements are known to interact for ABA responsiveness, and research 
has concluded that a minimal promoter with multiple ABREs has ABA responsiveness, 
whereas a single ABRE does not function (Shen et al., 1996).  This is similar to other 
promoters, such as the zein seed storage protein promoter, that requires protein-protein 
interactions as well as DNA-protein interactions to occur before transcription can begin.  
Known transcription factors that bind to ABREs include the rice Trab-1 (Hobo et al., 
1999), the wheat EmBP1 (Guiltinan et al., 1990), and the VP1 of maize (McCarty et al., 
1991).  The VP1 transcription factor of maize is required for Glb1 expression in the 
embryo (Hill et al., 1996). 
 ABREs located within the Glb1 promoter are responsible for the ABA 
responsiveness of Glb1 transcription. ABA was shown to be a positive regulator of Glb1 
expression in embryo development (Kriz et al., 1990), and promoter deletions removing 
ABREs in the Glb1 promoter have shown that the ABREs are necessary for ABA 
responsiveness and transcription initiation of the Glb1 (Liu et al., 1998).  In the Glb1 
promoter, ABREs similar to the wheat Em elements have consensus sequences of: Em1a: 
ACGTGGCGA, Em1b: ACGTAGCCG, and Em2: CGAGCCAG and are located at 
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positions of –118, -76, and –161 bp from transcription start site of Glb1 (Belanger and 
Kriz, 1989).   
Transient Gene Expression Assays in Plants 
 
 Transient expression is referred to as non-stable gene expression, whereby a gene 
is introduced into a tissue and expressed only for a short defined period of time without 
being stably integrated into the genome.  Transient expression developed out of a need 
for rapid analysis of gene expression.  Transient expression assays are different from 
stable expression assays in the following ways.  First, the DNA to be expressed is not 
integrated into the genome.  Transiently expressed genes are not subject to position 
effects that can influence the level of transcription and the tissue specificity of genome-
integrated transgenes (Jones et al., 1985).  Second, transient expression assays are fast, as 
gene expression can be measured in hours or days after DNA introduction rather than the 
weeks, months, or years with stable transformation studies (Dekeyser et al., 1990).  
Third, transient expression assays are very flexible with a wide variety of DNA 
introduction methods and a vast number of tissue types used for study (Fischer et al., 
1999).  For the study of molecular biology in plants, transient expression assays have 
developed into an extremely valuable tool. 
 Early reports of transient expression assays were focused on testing gene 
constructs intended for stable transformation using electroporation of DNA into plant 
protoplasts (Fromm et al., 1985; Fromm et al., 1987; Hauptmann et al., 1987; Junker et 
al., 1987).  Transient expression allowed researchers to examine expression of 
heterologous genes in plants that were not transformable by Agrobacterium tumefaciens, 
such as cereals.  Subsequent reports expanded upon these initial experiments and 
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transient expression was used for a number of research purposes such as promoter 
activity analysis of the maize -zein (Thompson et al., 1990), enhancing transcription 
levels (Maas et al., 1991), and dissecting promoters to identify DNA regulatory 
sequences (Hamilton et al., 1992).  These reports illustrate that transient expression 
assays can be used on a diverse range of problems, and pave the way for further research 
and development for better and more useful transient expression analyses.  
 Current transient expression assays are used in several avenues of research, 
including evaluation of promoter transcription activity, promoter sequence dissection and 
function (Marzabal, 1998), reporter gene activity (Schenk et al., 1998), sub-cellular 
localization of proteins (Pollmann et al., 2006), stable transformation methods of crops 
(Lorence and Verpoorte, 2004), and small and large scale recombinant protein production 
(Chung et al., 2006).  Among these diverse research goals, testing promoter activity and 
construct viability and developing new recombinant protein expression technology in 
plants is the most prolific.  Evaluations of promoter regulatory elements, novel DNA 
elements for transcriptional activity, and creating new promoters for high level gene 
expression can be ascertained in plants using transient assays (Schenk et al., 1998). 
Reporter genes such as GFP, beta-glucuronidase (GUS), and Luciferase are 
commonly used to measure the amount of gene expression in transient assays, and 
developing new variants of reporter genes often requires the power of transient 
expression assays.  For example, Pang et al. (1996) used electroporation to transiently 
express mutated versions of GFP to determine which variant would fluoresce at a greater 
intensity in maize and tobacco protoplasts.  GFP is used extensively and requires no 
substrates for fluorescent activity and expression levels are simply monitored by 
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measuring the fluorescent levels in selected plant tissues (Southward and Surette, 2002).  
Improved GFP is ideal for current plant and animal molecular biology research.  Many of 
these variants have been developed using transient expression assays. 
Transient expression in cereal crops has utilized a number of approaches, 
including infection with viral vectors, Agrobacterium tumefaciens infiltration, 
electroporation, polyethylene glycol (PEG) treatment, and biolistic delivery (Gleba et al., 
2005).  The amount of DNA per cell and number of transiently transformed cells 
influence the level of transient expression and vary with delivery system (Locatelli et al., 
2003).  Biolistic delivery of DNA bombarded into selected tissues such as immature 
embryo or endosperm tissue can be used in transient assays, however, DNA only reaches 
a small number of cells and must enter the nucleus (Christou, 1996).  Biolistic 
transformation was used extensively for the production of transgenic plants with stable 
transgene expression and protocols utilizing this technique have been perfected (Frame et 
al., 2000).  Agroinfiltration is a method that has used Agrobacterium tumefaciens to 
transfer DNA into the plant cell nucleus using bacterial proteins.  The transferred DNA is 
subsequently integrated into the genome (Gelvin, 2003).  Non-integrated DNA persists in 
the nucleus of the cell and undergoes transcription at levels sometimes reported to be 
1000 times more frequent than stable integration (Janssen and Gardner, 1989). 
Other methods of transient expression in cereal crops have been accomplished 
with varying degrees of success.  Viral vectors can systemically infect most cells of a 
plant and can be used for transient or stable transformation with high levels of 
transcription (Wagner et al., 2004).  Plant cell DNA integration using PEG-mediated 
insertion results in high percentage of transformed cells, but is usually most effective 
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with plant cell protoplasts, which limits its usefulness for many studies (Locatelli et al., 
2003).  Electroporation is easy and efficient and  used for transient expression assays, 
however, like PEG-mediated insertion, electroporation has not been as successful as other 
transient expression methods because of limited success with cell and tissue types other 
than protoplasts (Koscianska and Wypijewski, 2001) 
 Transient expression assays have twenty years of history in plant molecular 
biology research, being used to answer a variety of questions.  Early experiments 
involved transient expression assays using electroporation, but as technologies advanced 
a range of DNA introduction methods were developed that include viral vectors, 
agroinfiltration, and biolistic bombardment.  Later reports showed the usefulness of 
reporter genes such as GUS and GFP and the large number of sophisticated GFP variants 
that are commonly used in transient expression assays.  The transient expression assay is 
a tool that has aided a great deal of molecular biology research. 
 
 
Grain Processing 
 
 Grains provide at least half of the protein and calorie intake for humans on 
average (Pederson et al., 1989), and provide a wide range of industrial products.  Most 
grains are subjected to a varying degree of processing to make them suitable for use in a 
wide range of products.  In general, grains are milled to separate the grain into its most 
valuable parts.  Milling the grain allows for the removal of contaminants and separation 
of components such as oils and food and feed products (Slavin et al., 2000).   
 The majority of corn grain is processed by three methods, a dry-grind process for 
ethanol production that involves grinding the whole grain to aid in water penetration 
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during the ethanol production process (Singh et al., 2005), a dry-milling process that 
separates the kernels into bran-, endosperm-, and germ-rich fractions, and a wet-milling 
process that uses chemical methods to separate the kernel into germ, fiber, protein, and 
starch components (Jackson and Shandera, 1995; Parris et al., 2006).  From the 
components separated using wet-milling are derived valuable products such as starch, 
corn sweetner, corn oil, and corn gluten (Johnson and May, 2003).  The dry-grind and 
wet-milling processes are used to produce ethanol from corn.  An interesting new 
addition to this list is a modified dry-grind process that blends dry grind and wet-milling 
methods.  These processes create a variety of co-products that are used for industrial and 
feed applications (Singh et al., 2005).   
 Dry-milling of corn physically separates the kernel into three fractions; the germ-
rich fraction, the endosperm-rich fraction, and the bran-rich fraction (pericarp and tip-
cap).  The processing of corn into fractions enables the use of these fractions for specific 
end use applications that include food products (grits, meal, and flour) and industrial 
products (Slavin et al., 2000).  The endosperm-rich fraction contains a high starch content 
that is important in ethanol production.  The germ-rich fraction has a high oil and 
nutritional content and can be used as a valuable food source for animals and humans.  
The bran-rich fraction is high in fiber and is also a nutritional component.   
 
Valuable Protein Production 
 
 Plants are becoming preferred platforms for the production of valuable proteins 
such as pharmaceuticals, industrial enzymes, and nutritional products.  Plants as a 
recombinant protein production system have several advantages over current microbial 
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production systems such as cost effective production, ease of scale-up, and low risk of 
pathogen contamination (Ma et al., 2003; Twyman et al., 2003).  Some limitations exist 
currently for plants as production platforms including low protein yields and low protein 
integrity due to post-translational modifications (Stein and Webber, 2001; Horn et al., 
2004).   
 
Transient Transformation to Promoter Protein Overproduction 
 
 Two methods for the production of recombinant proteins in plant tissues are 
currently used.  First, a viral vector method is used to create systemic expression of the 
foreign gene in the plant tissues (Porta et al., 1996).  Second, and slightly more common, 
is an Agrobacterium tumefaciens infiltration method (Fischer et al., 1999).  This method 
is advantageous because it is able to deliver several transgenes into the same cell (Kapila 
et al., 1997).  This is important when producing proteins that require more than one 
component, such as antibodies (Vaquero et al., 1999). 
 Commercial scale production of recombinant proteins using transient expression 
platforms is uncommon compared to stable expression.  However, some examples of 
commercial scale production of recombinant proteins using transient expression do exist.  
Medicago Inc. (www.medicago.com) uses the Agrobacterium-infiltration method to 
produce biopharmaceuticals in alfalfa leaves (D'Aoust et al., 2004).  Large Scale Biology 
Corporation (www.lsbc.com) has reported using the viral vector method to produce scFv 
vaccines in tobacco (McCormick et al., 2003).   Commercial applications of transient 
expression are focused on products needed in microgram to milligram quantities.  
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Commercial applications with a need for more recombinant protein will need to use 
established stable transformation technologies (Fischer et al., 2004) 
 A promising technique for transient expression of recombinant protein building 
upon the Agrobacterium-infiltration method is the technique of magnifection.  Icon 
Genetics (www.icongenetics.com) has developed the transient expression technology that 
uses Agrobacterium for systemic DNA delivery on an industrial whole plant scale (Gleba 
et al., 2005).  This new technique aims to prove that whole-plant infiltration can produce 
recombinant protein for commercial use, however no current products have been 
produced for commercialization (Marillonnet et al., 2005). 
 
Stable Transformation 
 
 Stable transformation is the most common method used to produce recombinant 
proteins in plants.  Stable transformation differs from transient transformation by 
integrating the foreign DNA into the genome of the host plant so that the transgene is 
genetically inherited.  This process takes much longer than transient expression, in excess 
of 18 months for corn, allowing the transformed plants to mature through one full 
generation; however, once the transgenic line is created, it can be propagated generation 
after generation without additional transformations.  
Several platform species and plant tissues are used for stable transformation 
production of recombinant proteins in plants.  Leafy tobacco tissue is a desired target for 
protein production because of the ease of transformation, the well-characterized 
promoters, and high biomass yield (Fischer and Emans, 2000).  Other leafy crops like 
lettuce and alfalfa are used as protein production systems (Kapusta et al., 1999; Fischer et 
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al., 2004).  A disadvantage of leafy crops like tobacco is the presence of volatile 
compounds such as oxalic acid in the leaf tissue that compound downstream processing 
problems (Fischer et al., 2004).  Other crops have been chosen for platform production 
systems as well.  Potato is used to produce recombinant vaccines and has been tested as 
an oral delivery system (Daniell et al., 2001).  Oil crops as platform production systems 
have also been explored and may be a advantageous system due to ease of protein 
purification (Liu et al., 1997).  In addition, methods of plant protein production have been 
developed recently that produce proteins in unique plant species such as Lemna 
(duckweed) (Gasdaska et al., 2003) and algae (Mayfield et al., 2003), and companies 
such as Biolex (http://www.biolex.com) are using these species as platforms for product 
commercialization.   
Sub-cellular localization of recombinant proteins is important for optimizing an 
ideal environment for specific proteins.  Locations within the cell that are targeted for 
recombinant proteins are the cytosol, the secretory pathway, the endoplasmic reticulum, 
and the plastid (Richards et al., 2003; Fischer et al., 2004).  The secretory pathway has 
been shown to provide a better environment for protein folding and assembly than the 
cytosol (Schillberg et al., 1999).  Antibodies targeted to the secretory pathway using 
amino-terminal signal peptides have shown increased accumulation as compared to 
proteins not targeted to the secretory pathway and produced in the cytosol (Schouten et 
al., 2002).  Localization to the endoplasmic reticulum (ER) of cereal endosperm using a 
lysine-aspartate-glutamate-leucine (KDEL) tag has been shown to assist in post-
translational modification and possibly improve protein yields (Conrad and Fiedler, 
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1998).  The ER provides molecular chaperones and an environment relatively free of 
proteases, a key ingredient for proper protein folding and accumulation. 
The plastid or chloroplast also has advantages as a sub-cellular location for 
recombinant protein production.  First, chloroplast‟s genomes are maternally inherited 
and do not out-cross by pollen (Daniell, 2002).  Secondly, gene silencing has not been 
shown to exist with foreign gene inserts in the chloroplast genome (Lee et al., 2003).  
Thirdly, levels of expression have been reported at 46.1% of total leaf protein, a level 
much higher than nuclear transgenics can produce (De Cosa et al., 2001).  
Transformation of maize plastids has not been demonstrated to date. 
Other unique cellular locations for producing proteins are plant trichomes by two 
trichome specific promoters that will eject, or secrete, valuable proteins upon the leaf 
surface (Wang et al., 2002; Shepherd et al., 2005).  Phytomedics Inc. 
(www.phytomedics.com) has a technology that can secrete proteins in the leaf guttation 
fluid and root exudates of tobacco (Drake et al., 2003).   Further research is needed to 
determine the best locations for plant protein production. 
 
Seeds as Recombinant Protein Producers 
 
 Seeds have intrinsic advantages over other platform protein production systems 
described above.  First, seeds have evolved to store functional protein in a stable 
environment.  Second, proteins within the seed storage tissue usually do not have adverse 
affects on plant growth (Schillberg et al., 2003).  Third, proteins can accumulate to high 
levels in a compact space allowing for ease of scale up and harvest.  Fourth, expression 
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can be located to specific seed tissues.  Finally, downstream processing is made easier by 
the relative simplicity of the seed proteome (Stoger et al., 2005). 
Maize, rice, and barley seeds have been successfully used as production platforms 
for valuable protein production for commercialization (Stoger et al., 2005); however, 
maize has several advantages over these other cereal crops.  Maize has a relatively high 
seed protein content of 10-12% and a high biomass, and the amount of protein produced 
per acre is currently the highest level of the cereal seeds.  The agronomic properties of 
maize are well understood. Maize DNA has been manipulated extensively and protocols 
for maize transformation exist (Frame et al., 2000).  Maize seeds can potentially be used 
for production of vaccines for oral intake (Chikwamba et al., 2002; Lamphear et al., 
2004).   
Maize seeds were used by Prodigene Inc. to produce the first commercially 
available plant-made recombinant protein.  These protein products were chicken egg-
white avidin that was used as a diagnostic agent and E. coli -glucuronidase (GUS) that 
was used as a marker gene or as a research chemical (Hood et al., 1997; Kusnadi et al., 
1998).  Kusnadi (1998) reports that the production of avidin was 5.7% of extractable 
protein, and GUS was 0.7% of extractable protein in the kernel under the control of the 
ubiquitin (ubi1) promoter.   
There are other examples of recombinant protein products produced in corn 
kernels for commercialization.  Laccases are lignolytic enzymes that improve lignin 
processing and have been produced in maize kernels using the embryo specific promoter 
Globulin-1 (Bailey et al., 2004).  Laccases are difficult to express in active form, but in 
maize the enzymatic activity was preserved in 90% of the purified protein (Bailey et al., 
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2004).  Bovine trypsin  was produced in maize kernels under the control of the barley -
amylase promoter (Woodard et al., 2003).  Bovine trypsin is a digestive enzyme and used 
in industrial products such as detergents, and processing biopharmaceutical proteins such 
as insulin (Kemmler et al., 1971).  Woodward et al. (2003) determined that the bovine 
trypsin produced in maize kernels was identical in function to the native bovine trypsin, 
proving the ability of maize as a valuable protein production platform. 
Maize seed storage protein promoters are attractive regulatory sequences to drive 
the transcription of valuable protein production in maize kernels because they are well 
characterized and they direct protein accumulation in a tissue and developmental specific 
manner.   Promoters like the endosperm specific 27kDa -zein and the embryo specific 
Glb1 have been used to drive valuable protein production in maize kernels.  For example, 
Chikwamba et al., (2003) reported the use of the 27kDa -zein promoter to drive 
production of the E. coli heat labile enterotoxin (LT-B) in maize seed.  Another recent 
report by Lamphear et al., (2005) describes the expression of the sweet protein brazzein 
in maize kernels using both the Glb1 and the 27kDa -zein promoters.  The Glb1 
promoter has been used to drive the expression of anthocyanin pathway genes to develop 
pigment in the embryo and aleurone seed tissues of maize as a visual marker to identify 
transgenic seed (Shen and Petolino, 2006).  Other seed specific promoters used to 
produce recombinant proteins are the rice glutelin promoter Gt-1 that can express 
proteins in the endosperm of both maize and rice (Hood et al., 2003) and the wheat Bx17 
promoter that can be used in barley (Schunmann et al., 2003). 
Producing recombinant proteins at a commercially viable level is of great 
importance to the plant molecular pharming industry.  Modifying promoters to change 
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expression level or expression location is becoming important for producing the correct 
amounts of commercial protein products.  Streatfield et al. (2004) reports the 
modification of the polyubiquitin-1 promoter to increase expression levels in maize 
embryo and endosperm seed tissues, however, they do not report the affect that the 
polyubiquitin-1 promoter had on plant growth and development.  More research clearly 
has to be performed to increase recombinant protein solely in the endosperm and embryo.  
A great deal of research is focused on improving three limitations: protein yield, 
protein integrity, and protein localization (Hood, 2004).  Protein yield needs to improve 
to increase the protein per kernel unit.  Producing protein in a contained environment like 
a greenhouse is ideal however impractical given current expression technologies for 
maize.  A system for increasing protein production per kernel unit is needed in maize.  
Protein integrity is often a limitation as well due to improper folding or improper tissue 
localization.  More research must be accomplished to remedy these limitations to plant 
valuable protein production. 
 
Conclusion     
 
 Seed storage proteins of cereal crops have important nutritional value and account 
for 50-70% of the protein in human diets worldwide.  Seed storage proteins average 10-
12% of maize seed dry weight.  The high level of accumulation of seed storage proteins 
is due in part to the promoters that direct high levels of transcription in a developmental 
and tissue specific manner during seed development.  Maize seed storage protein 
promoters have been well characterized.  Possibly the best characterized are the 27kDa -
zein specific to the endosperm and the Glb1 specific to the embryo.  These maize 
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promoters can be used to drive the production of valuable proteins in maize kernels.  The 
plant protein production market is emerging as a driving force for new technology and 
the development of new maize products.    
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ABSTRACT 
 
Seed tissues (endosperm, embryo, and pericarp) are often separated into tissue-enriched 
fractions by wet or dry milling methods for use in food, feed and industrial products.  To 
optimize fractionation processes, seed tissue markers that are sensitive and readily 
quantifiable would be useful.  We set out to produce and characterize different transgenic 
maize lines, each containing Green Fluorescent Protein (GFP) in either endosperm or 
embryo.  We examined mRNA transcripts using expressed sequence tag (EST) profiles of 
several major seed proteins and selected several with strong seed tissue preferences.  We 
tested the promoters of these seed proteins in a transient expression assay to confirm 
promoter activity.  Stably transformed maize lines were produced and visual observation 
of fluorescence confirmed the presence of GFP in the desired tissues.  To establish the 
utility of this grain for evaluating the effectiveness and/or separation efficiencies of 
fractionation processes, transgenic kernels were hand-dissected into pericarp, endosperm, 
and embryo fractions and the GFP concentration in each fraction was determined.  The 
GFP distribution between fractions of each transgenic event was calculated from GFP 
concentration and mass balance, which enabled the determination of GFP yield based on 
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the hand-dissection fractionation data and the amount of tissue contamination in each 
fraction.  Our transgenic lines exhibited strong tissue preference for either embryo or 
endosperm.  These lines should be useful for assessing separation efficiencies in maize 
fractionation processes. 
 
INTRODUCTION 
 
 Maize grain is an important commodity used for food, feed, energy and industrial 
products.  These different uses utilize different fractions and properties of the grain.  For 
example, ethanol production for motor fuels benefits from high fermentable starch 
content, corn flaking grits and brewer‟s grits for food benefit from high content of hard 
endosperm, and feed production benefits from high protein and high oil contents.  Maize 
kernels are composed of several tissues including embryo, endosperm, aleurone and 
pericarp (Kiesselbach 1949).  These tissues serve different biological functions and 
therefore have different chemical compositions.  One way to increase the value of maize 
grain is to separate the kernel components into tissue-enriched fractions by milling.  
These fractions can then be used for different purposes for which they are well suited. 
 To optimize the efficiency of separating different maize seed tissues, researchers 
have used seed tissue markers such as oil and density (Yildirim et al 2002), biochemical 
markers such as phenolic acid (Antoine et al 2004), or ash content (Pomeranz 1987).  
One problem with using native compounds as markers is that they are often not strictly 
tissue specific, limiting their use for evaluating fractionation processes.  To improve our 
ability to separate seed tissues, a seed tissue marker with improved tissue specificity that 
is sensitive and easily quantifiable is necessary. 
 41 
 Green Fluorescent Protein (GFP) is a versatile marker protein requiring no 
substrate to fluoresce and has been expressed in many organisms and tissue types.  GFP 
fluorescence is directly proportional to the amount of GFP present and can be easily 
quantified (Southward and Surette 2002).  GFP is commonly used in molecular biology 
studies involving protein trafficking, sub-cellular structure identification, protein 
interactions, and intracellular protein targeting (Ehrhardt 2003).  In addition, GFP has 
been used as a marker protein in plant transformation and as a tool to measure transgene 
spread in the environment (Stewart 2005).  GFP is well suited to serve as a seed tissue 
marker in grain fractionation studies. 
 The development of a tissue marker gene requires a strong promoter with tissue 
preference to drive expression.  Maize endosperm contains families of distinct proteins 
called zeins that account for 70% of maize endosperm protein content (Zarkadas et al 
2000).  Transcription of the genes encoding these proteins has been shown to be specific 
to the endosperm (Bianchi and Viotti 1988).  The most abundant and well characterized 
zeins, separated based on molecular weight, are the -zeins, which consist of the 19,000 
Da zein (19zn) and the 22,000 Da zeins (22zn), and the -zeins which include the 27,000 
Da zein (27zn) (Coleman and Larkins 1999).  Promoters of these genes have been used 
previously to express marker genes (Russell and Fromm 1997) and recombinant proteins 
(Chikwamba et al 2003). 
 The embryo contains globulin storage proteins that accumulate in protein bodies 
during early seed development (Liu and Kriz 1996).  The globulins accumulate to 10 to 
20% of protein content in mature embryo, with Globulin-1 (Glb1) accumulating to the 
highest levels and comprising one-half of the total globulin content (Kriz 1989).  Unlike 
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the large gene families of globulins in other cereal crops such as wheat and oats, the 
maize Glb1 is present in one copy in the genome (Belanger and Kriz 1989).  Expression 
of Glb1 occurs in the embryo, with a small amount of Glb1 expressed in the endosperm 
and pericarp/aleurone layer (Kriz 1999).  The Glb1 promoter is attractive for use in the 
development of a tissue marker because of its strong preference for embryo expression, 
its developmental accumulation, and its high expression level despite having only one 
copy in the genome. 
 In the present study, our objectives were to create and characterize new maize 
transgenic lines that produce GFP preferentially in either embryo or endosperm and to 
determine if GFP in these lines will be useful as a tissue marker in grain fractionation 
studies.  By making transcriptional fusions to well-characterized maize seed storage 
protein promoters, we created transgenic plants that expressed GFP in either embryo or 
endosperm tissue.  To illustrate the utilities of these lines as tissue markers in grain 
fractionation studies, we hand-dissected kernels from these lines, separated bran, embryo, 
and endosperm, and examined the GFP concentration of the fractions.  With this 
information we were able to determine the efficiency of fractionation of the hand-
dissection procedure.  In addition to being useful as tissue markers in grain fractionation 
studies, these lines will be useful for studies of kernel development and protein 
deposition. 
 
MATERIALS AND METHODS 
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Expression Analysis by Comparing EST Frequency 
 Expression analysis was performed on ESTs coming from tissue-specific cDNA 
libraries located at MaizeSeq (http://www.maizeseq.com).  These libraries contain large 
collections of sequences from various tissues whose EST frequencies can be calculated 
and compared to each other.  A table of frequencies of ESTs correlating to major maize 
seed storage genes was made by comparing the proportions of ESTs found by using 
Blastn with a 95% threshold for a specific gene in a specific tissue with the proportions of 
ESTs in all the correlating tissue-specific libraries. 
 
DNA Constructs 
 Plasmid pAct1IsGFP-1 (Cho et al 2000) was used to prepare all constructs used 
for transient and stable transformations.  pAct1IsGFP-1 contains the synthetic Green 
Fluorescent Protein (sGFPs65T) gene (Chiu et al 1996) and nos terminator sequences.  
The promoters containing important elements necessary for transcription and ending with 
the start codon were amplified by PCR using genomic DNA from inbred line Va26 (19zn 
primers: forward TCTGTGTCACAACTCAACTGTC; reverse 
CACCATGGTTTGGCTGCC, 22zn primers: forward GGATCCGATCCGGCGCAG; 
reverse GGAGCATTGTGGAATAATG; 27zn primers: forward 
CGATCGTCCCGTCCGCGTCAATA; reverse GGTGTCGATCGGGTTCTTCTG).  The 
Glb1 promoter was amplified from a Glb1 containing construct obtained from J Widholm 
(University of Illinois) (Glb1 primers: forward GCTTGCCGAGTGCCATCCTTG; 
reverse GGGTTGGCTGTATGCAGAAG).  The 19zn (GenBank accession # EF061091), 
22zn (GenBank accession # EF061092), 27zn (GenBank accession # EF061093), and the 
 44 
Glb1 (GenBank accession # EF061094) PCR products were then inserted in pActIsGFP-1 
using the restriction sites XhoI and NcoI so that each maize gene was fused to GFP at the 
translational start codon (Fig. 1). 
Transient Expression 
 Constructs were tested in a transient expression experiment in both endosperm 
and embryo tissues in B73, OH43, and Va26 maize inbred lines.  Thirteen- to 17-days 
after pollination (DAP) maize kernels from self-pollinated ears of inbred lines B73, 
OH43, and Va26 were harvested, surface-sterilized, and the embryo and endosperm 
tissues were isolated by hand-dissection.  Twenty-four immature embryos and 24 
immature endosperms (hand-dissected to approximately 50 mg each) of each line were 
placed in petri dishes containing Murashigue and Skoog salt media and Phytagar 
(GIBCO, Carlsbad, CA).  For each construct, biolistic bombardment using 1.5 µg DNA 
of each plasmid was repeated three times with each petri dish, and bombarded tissues 
were then incubated for 48 h at 27C in the dark to allow GFP to accumulate.  To extract 
and quantify GFP, each embryo and endosperm samples was macerated separately in 200 
µL of GFP extraction buffer containing 30 mM Tris-HCl, 10 mM EDTA, 10 mM NaCl, 
and 5 mM DTT.  After centrifuging, the fluorescence level of each supernatant was 
determined using a spectrofluorometer (Tecan, Mannedorf/Zurich, Switzerland) at 485 
nm excitation wavelength and 535 nm emission wavelength. 
 ANOVA was carried out with the fixed effects model described in Table I.  
Outliers were identified as those observations with Studentized residuals greater than 3.5 
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or less than -3.5.  Three such outliers were identified out of 576 observations.  These 
outliers were removed and the model was re-calculated.  The r
2
 value was 0.74. 
 
Plant Transformation and Plant Material 
 Stable transformation of maize plants was accomplished at the Plant 
Transformation Facility at Iowa State University using a previously described 
microprojectile bombardment method (Frame et al 2000).  Herbicide resistant T0 callus 
cells were screened for the presence of the transgene by PCR (Glb1 primer: forward 
CCACCATTAGCTCTCCTGTTTAG; GFP reverse CGTCCAGCTCGACCAGGATG; 
27zn primer: forward CTTAACAACTCACAGAACATCAAC; GFP reverse 
CGTCCAGCTCGACCAGGATG; 19zn primer: forward 
GTGGAAAATAGCCAAACCAAGC; GFP reverse CGCCGTAGGTGAAGGTGGTC; 
22zn primer: forward GCATTCTAGGATTTCAATTAGTC; GFP reverse 
CGTCCAGCTCGACCAGGATG) using GoTaq
®
 Master Mix (Promega, Madison, WI) 
and transgene positive calli were regenerated to plants.  T0 plants were crossed to the 
inbred B73 to create F1 kernels.  F1 kernels were self pollinated or backcrossed to B73 to 
obtain F2 kernels or BC1F1 kernels, respectively.  F3 kernels were created by selfing F2 
kernels.  After three generations of selfing or backcrossing and visual evaluation of GFP 
expression, nine events were selected for plant breeding and analysis.  F3 kernels were 
used for visual and quantitative fluorescence analysis. 
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Evaluation of Transgene Copy Number 
 Quantitative real-time PCR analyses were performed using the MX3000P real-
time PCR system (Stratagene, La Jolla, CA).  A PCR reaction containing 12 µL of 
Brilliant SYBR Green master mix (Stratagene, La Jolla, CA), 12 µL of dd H2O, 1 µL 
of each primer (0.5 µM final concentration), and 1 µL of DNA (6 ng total DNA) was 
carried out at conditions of 95C for 10 min, followed by 40 cycles of 95C for 30 sec, 
55C for 60 sec, and 72C for 30 sec.  Each reaction was run in triplicate. 
 Quantification of transgene copy number was performed using the relative 
quantitative method in which a target gene is compared to a known endogenous gene 
(Ginzinger 2002).  The target genes in the present study were the GFP transgene 
(primers: forward CCTCGTGACCACCTTCACCTA; reverse 
ACCATGTGATCGCGCTTCT) and the endogenous genes used for comparison were 
Glb1 present at one copy in the genome (Kriz, 1989) (primers: forward 
CACTGTGGAACACGACAAAGTCTG: reverse 
CTCACCATGCTGTAGTGTCACTGTGAT) and the 27zn which is present at 1-2 copies 
in the genome (Das and Messing 1987) (primers: forward 
ATTGCACGTCAAGGGTATTGG; reverse TCTTGTGTTCTATGCCACCGA).  PCR 
efficiencies were greater than 90% using standard curves of a dilution series for the GFP 
transgene and endogenous Glb1 and 27zn genes by using the method of Bubner et al. 
(2004). 
 
 47 
Quantification of Fluorescence in Stably Transformed Kernels 
 Twenty F3 kernels from each transformation event were selected at random and 
ground together to a fine consistency for determination of fluorescence levels.  Three 28-
mg samples from each event were each placed into a well of a black, 96-well flat-bottom 
assay plate (Corning Inc., Corning, NY).  The fluorescence of the dry ground samples in 
96-well plates were measured using a spectrofluorometer (Tecan, Mannedorf/Zurich, 
Switzerland) at 485 nm excitation wavelength and 535 nm emission wavelength.  Mean 
fluorescence levels were calculated for each event and the non-transgenic control inbred 
line B73. 
 
Conservative Sampling of Transgenic Maize Seed Tissues 
 To determine the fluorescence levels of endosperm and embryo tissues in the 
transgenic maize lines, we took conservative samples of each tissue and measured the 
fluorescence.  These conservative samples consisted of a small amount of tissue that was 
as free as possible of contamination from other tissues.  Conservatively sampled embryo 
and endosperm tissues harvested from the 19zn (event 228-3), 27zn (event 230-3), and 
Glb1 (event 231-23) transgenic lines and the B73 non-transgenic inbred line control were 
ground, and three 10-mg portions were each placed into a well of a black, 96-well flat-
bottom assay plate (Corning Inc., Corning, NY).  To each well, 100 µL of GFP extraction 
buffer was added and the fluorescence was measured as described above.  Fluorescence 
values were converted to mass of GFP by using a standard curve consisting of B73 inbred 
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line tissue spiked with known amounts of recombinant GFP (Clontech, Mountain View, 
CA).   
 
Hand-dissection and Analytical Procedures 
 Whole kernels, soaked overnight in water, were fractionated by hand-dissection to 
produced as pure as possible pericarp, embryo, and endosperm fractions.  This procedure 
differed from the conservative sampling procedure described above in that the entire 
kernel was divided into one of these fractions, and similar to commercial grain-
processing procedures, some degree of contamination between tissues was unavoidable.  
Fractions were dried at 34ºC for two days, ground to a fine consistency, and moisture, 
crude fat, fiber, and GFP contents of the dried samples were measured.  GFP 
fluorescence was quantified as described above for the stably transformed kernels.  Crude 
fiber content of each fraction was measured at EurofinsUS, (Des Moines, IA).  The 
moisture contents of the fractions were determined according to AACC method 44-19 
(AACC 2000).  Crude free-fat contents were determined according to AACC method 30-
25 (AACC 2000).  All measurements were performed in duplicate, except for fiber and 
moisture, which were measured once.  Mass-balance data were determined on a moisture-
free basis. 
 
 
RESULTS 
 
 49 
Expression Analysis of Major Seed Storage Proteins Based on EST 
Frequencies 
 We investigated Maize ESTs from MaizeSeq (http://www.maizeseq.com) and 
counted the number of ESTs of each seed storage gene in tissue libraries such as embryo, 
endosperm, leaf, immature leaf, and tassel (Table II).  The frequency of ESTs was the 
percentage of ESTs from the combined libraries that correlate with each seed storage 
gene based on Blastn results.  In this analysis, the frequency of the ESTs represented the 
expression level of each gene.   
 One of the key questions regarding maize seed storage genes was whether the 
genes are tissue-specific.  The presence of ESTs can indicate whether the corresponding 
gene was expressed.  The native Glb1 gene is present in embryo and endosperm tissue 
(Kriz, 1989), and this was confirmed by the EST analysis of tissue-specific EST libraries 
(Table II).  Interestingly, ESTs of the native Glb1 gene were also found in the immature 
leaf and in the tassel tissues of the maize plant, tissues that the Glb1 has not been reported 
to be expressed in, indicating Glb1 was not expressed only in the seed.  From the EST 
analysis, however, Glb1 expression was clearly embryo-preferred.  The native 19zn, 
22zn, and 27zn genes were expressed mostly in the endosperm tissue as shown in Table 
II, yet very low expression levels were present in the embryo, immature leaf, and leaf.  
Other seed-expressed genes, such as oleosin, alpha-globulin, and globulin-2, were 
analyzed for EST frequency in several tissue-specific libraries.  These genes have 
expression preferences for either embryo or endosperm tissue; however, they are also 
expressed in other tissues such as immature leaf, tassel, or leaf tissues.  These data show 
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that seed storage genes do not have strictly tissue-specific expression, but have tissue-
preferred expression, with expression also occurring in multiple tissues in the plant. 
 
Promoter Evaluation by Transient Expression 
 To test the seed storage protein gene promoter activity, tissue specificity, and 
genotype preference, we subjected the promoters to a transient gene expression assay.  
Because GFP fluorescence is directly related to protein quantity (Remans et al 1999), it is 
an ideal quantitative tool for measuring recombinant protein synthesis in transient and 
stable transformed plant tissues (Richards et al 2003).  Promoters from the Glb1, 22zn, 
19zn, and 27zn maize seed storage protein genes were each transcriptionally fused with 
the synthetic coding sequence of sGFP(S65T) (Chiu et al 1996) and the resulting 
plasmids were used to transform immature embryo and endosperm tissues of three inbred 
genotypes by particle bombardment. 
 Transformation results were subjected to ANOVA using a fixed-effects model 
(Table I).  The main effects in this model did not provide a great deal of information 
regarding the performance of the constructs.  For example, the significant tissue effect 
indicated that across the experiment, embryo tissue gave significantly different values 
than endosperm.  This was due to the different fluorescence levels intrinsic to each tissue.  
Similarly, the significant genotype effect could have been due to differences in 
background fluorescence of each genotype.  Most of the constructs shown in Figure 2, 
however, were not significantly greater than the background level in each genotype.  The 
significant construct effect was encouraging because it indicated that significant 
differences in constructs existed over the experiment.  In order to understand the behavior 
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of each construct in different genotypes and tissues, it was necessary to examine the cross 
effects of the model. 
 The significance associated with the construct x genotype effect was of interest 
because it suggested that the construct with the greatest fluorescence in one genotype 
may not have been similarly expressed in different genotypes.  The significant construct x 
tissue effect was consistent with the fact that our different constructs were made from 
promoters with different tissue specificities.  These results are presented graphically in 
Figure 2. 
 The 22zn construct did not generate fluorescent levels significantly different from 
the negative control in any tissue or genotype.  This result agrees with previous reports 
that have examined the percentage of expressed sequence tags (EST) of storage protein 
transcripts in endosperm tissue (Woo et al 2001), which showed 22zn transcript levels to 
be among the lowest of the prolamin gene families and the 19zn and 27zn transcript 
levels among the highest.  The 19zn and 27zn constructs were significantly different than 
the negative control in the endosperm tissue of the B73 genotype.  The 27zn construct 
was significantly different than the negative control in the endosperm tissue of the Va26 
genotype.  In the endosperm tissue of the OH43 genotype, none of the constructs were 
significantly different than the negative control.  In embryo tissues, the Glb1 construct 
performed well across all genotypes.  Extracts of tissues bombarded with the negative 
control construct, pUC19, showed a background fluorescence level in both endosperm 
and embryo tissues in the transient assay.  Because this construct did not encode GFP, 
this fluorescence was likely due to intrinsic fluorescence of each tissue. 
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Selection of GFP Expressing Clones from Stable Maize Transformation 
 To create transgenic maize plants expressing GFP in seed tissues, the constructs 
used in transient expression assays were transformed into maize plants using biolistic 
transformation (Frame et al 2000).  Kernels from each independent transformation event 
were evaluated visually for the presence of GFP fluorescence using a Dark Reader hand 
lamp (Clare Chemical, Dolores, CO) and positive kernels were selected based upon level 
of visual fluorescence.  Kernels identified as positives were selected and planted in the 
field and were self-pollinated or backcrossed to the maize inbred line B73.  The resulting 
F2 or BC1F1 generation seeds were evaluated and a second round of visual selection for 
high levels of GFP fluorescence was performed and designated as positives in Table III; 
however, other positives existed with lower levels of fluorescence that were not chosen to 
continue in our breeding program.  Third-generation kernels were harvested and GFP 
positive kernels were sorted based on visual evaluation of fluorescence.  Kernel cross-
sections were analyzed under normal and fluorescent lights to determine GFP tissue 
localization (Fig. 3).  Distinctive patterns of GFP localization occurred in the seed tissues 
as predicted by previous promoter characterizations.  Thus, Glb1 GFP could be seen in 
the embryo and 27zn GFP could be seen in the endosperm.  Glb1 expression has been 
reported to occur at low levels in the endosperm and aleurone layer of the kernel (Kriz 
1999), however, we were unable to visually detect expression in this tissue. 
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Transgene Copy Number of Transformation Events 
 To determine the transgene copy number of each transformation event, we used 
the relative quantification method for determining gene copy number by using 
quantitative real-time PCR.  In this procedure, a control endogenous gene was compared 
to the gene of interest within a single DNA sample (Ginzinger 2002).  Transgene copy 
number estimations were calculated by using the relative standard curve quantitation 
method with 27zn or Glb1 coding sequences as endogenous controls (Yang et al 2005).  
The Glb1 gene was present as one copy in the genome (Kriz 1989) and the 27zn gene 
was present in most cases as one or two copies in the genome (Das and Messing 1987).  
Therefore, the native 27zn and Glb1 genes were desirable for endogenous gene controls.  
PCR efficiencies, important for correlation of results of all PCR reactions (Song et al 
2002), were measured by performing a 5-fold serial dilution of genomic DNA isolated 
from each transgenic event.  PCR efficiencies for the endogenous gene and transgene 
reactions were measured by comparing amplification threshold-cycle numbers to those of 
a standard curve values and in all cases the efficiencies for the reactions were greater than 
0.90. 
 Endogenous gene copy number was assumed to be constant in all of the 
transgenic events while transgene copy number changed with biolistic transformation 
event (Table IV).  Therefore, the threshold-cycle values of the native Glb1 or the 27zn 
gene can be compared directly to that of the transgene to get copy number estimation.  
The copy number of each transformation event was measured in triplicate, and the 
average Ct values were compared to standard curves of the endogenous gene to calculate 
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transgene copy number.  All events had three or fewer copies with the exception of Glb1 
event P231-24, which had 13 copies. 
 
GFP Fluorescence Levels in Different Transformation Events 
 To determine the GFP fluorescence levels in the stable transformation events, 
plants from nine events were backcrossed to B73 in two successive generations and 
kernels were harvested, ground, and the fluorescence of the ground kernels were 
measured (Fig. 4).  Non-transgenic B73 used as a negative control had fluorescence not 
significantly different from the mean of the events that contained the 22zn promoter.  The 
22zn promoter gave very low expression levels in transient expression assays as well.  
Also consistent with our transient expression results, the stable events containing the 
27zn promoter sequences had the highest expression levels of all the events in endosperm 
tissue.  When evaluating the fluorescence levels of the transformation events containing 
the Glb1 promoter, it was important to consider that the results were expressed on a 
kernel mass basis and that the embryo comprised only about one-fifth of the kernel mass.  
This was one reason why the fluorescence levels in the Glb1 constructs were lower than 
the fluorescence levels in the 19zn and 27zn constructs.  The 19zn events had high 
fluorescence levels in stable transformants that was similar to the transient expression 
results (compare Figs. 2 and 4).  Expression of the transgene in these transgenic tissues 
showed that the transgene was stably inherited through three generations.  Expression 
levels were correlated to those observed in the B73 genotype of the transient assay with a 
calculated correlation coefficient of 0.86.  Our correlation results indicated that transient 
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expression was a reasonably good predictor of stable expression performance in our 
experiments. 
 
Conservative Sampling for GFP in Target Tissues 
 Visual examination of transgenic kernels suggested that GFP accumulated in one 
seed tissue in each line.  The EST results indicated that the promoters we used to control 
GFP expression may have been transcriptionally active in other seed tissues.  It was 
therefore possible that GFP accumulated in these tissues at levels too low to be visually 
detected.  To determine if this was the case, we evaluated transgene fluorescence levels in 
embryo and endosperm from one event each containing either the Glb1, 27zn, or 19zn 
constructs by using a conservative sampling technique in which tissue was removed by 
hand from the central part of the tissue of interest.  This method minimized 
contamination from tissues other than the tissue being sampled.  In the 19zn and 27zn 
transgenic lines, 100% of the GFP fluorescence was in the endosperm tissue (Table V).  
In the Glb1 transgenic line, the ratio of GFP concentration in embryo:endosperm was 
94.5 to 5.5 based on equal mass of tissue (Table V).  The Glb1 promoter is known to 
have activity in the endosperm, and now that we know the tissue expression ratio, we can 
account for this in future experiments.  In grain fractionation studies of Glb1 grain, the 
embryo:endosperm expression ratio can be considered to be a theoretical limit to 
fractionation efficiency, because this is the expression ratio that would be expected for a 
perfect fractionation. 
 
 56 
Characterization of Transgenic Seeds by Hand-dissection 
 To establish the utility of using GFP as a tissue marker for use in grain 
fractionation studies, kernels were hand-dissected to separate pericarp, embryo and 
endosperm tissues.  Pericarp, embryo, and endosperm fractions were analyzed for GFP 
contents as well as fiber %, oil, and moisture contents (Table VI).  Oil and fiber contents 
were close to previously observed results (Watson and Ramstad 1987).  100% of the GFP 
was found in the endosperm fraction when endosperm-preferred GFP expressing lines 
were fractionated.  In contrast, in the Glb1 event, about 67.8% of the GFP was found in 
the embryo fraction and 32.3% was found in the endosperm fraction.    
 GFP concentration (ug GFP/g tissue) was determined for each hand-dissected 
fraction and the observed GFP distribution from hand-dissection on a tissue mass basis 
was derived from GFP concentration by expressing this distribution as a percentage 
(Table VII).  The theoretical GFP distribution was the GFP distribution between embryo 
and endosperm that represented a perfect fractionation and was derived from the 
conservative sampling results (Table V). The deviation of the observed GFP distribution 
from that of the theoretical GFP distribution (which represents a perfect hand-dissection) 
was the error in hand-dissection fractionation.  In the Glb1 event, the observed GFP 
distribution from hand-dissection was 93.1% in the embryo and 6.9% in the endosperm 
on a per tissue mass basis.  This ratio deviated from the theoretical distribution by -1.4% 
in the embryo and 1.4% in the endosperm tissue.  Converting this error into GFP yield 
(based on the mass % of each fraction), resulted in an observed GFP yield from hand-
dissection of 73% and 27% for the embryo and endosperm respectively.  Thus, the 
deviation from the theoretical GFP yield was -5.2% for embryo and 5.2 % for endosperm.  
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From this, we concluded that the result of hand fractionation was that 5.2% of the total 
grain embryo mass was present in the endosperm fraction.  In the 19zn and 27zn events, 
the observed GFP distribution from hand-dissection equaled the theoretical GFP 
distribution meaning that hand-dissection of endosperm tissue was essentially perfect.  In 
addition, since there was no GFP detectable in the pericarp fraction in any of the GFP 
lines, we concluded that the pericarp fraction was not contaminated with embryo or 
endosperm.  
     
 
DISCUSSION 
 
 Tissue markers can be used to evaluate and improve grain fractionation processes.  
While markers, such as native seed proteins, biochemical markers, and even fiber, oil, 
and ash contents have been used, a transgene expressing the fluorescent protein GFP in 
the embryo or endosperm is attractive because it can be accurately and easily measured in 
mature fractionated maize seed tissues.  One objective of this study was to develop 
transgenic maize lines containing GFP as an embryo or an endosperm marker.  These 
transgenic lines were developed and characterized with respect to their GFP 
accumulation to determine if they were suitable as tissue markers. 
 We created constructs based on promoters with strong tissue preference for 
embryo or endosperm and tested each one in a transient expression system that allowed 
us to quantify the GFP fluorescence accumulated in immature seed tissues after 48 h of 
incubation.  Transient expression is a valuable tool for predicting expression from 
different constructs and in different genotypes and tissues.  Previous studies have 
 58 
quantified GFP fluorescence in plants (Niwa et al 1999; Remans et al 1999) and shown 
that GFP fluorescence was directly related to GFP amount (Richards et al 2003).  
Measuring of transiently expressed GFP by image analysis (Furtado and Henry 2002) and 
by counting the number of visually detectable fluorescing cells in plant tissues (Tee et al 
2003) have been reported.  To obtain a quantitative measure of transient GFP expression, 
we homogenized each tissue fragment that was bombarded and conducted separate 
measurements on each homogenate.  Extensive replication allowed us to reliably quantify 
fluorescence for each construct tested.   
 The 19zn, 22zn, 27zn, Glb1, and pUC19 constructs were tested in a transient 
expression experiment in both endosperm and embryo tissues of B73, OH43, and Va26 
maize inbred lines.  In embryo tissue, the Glb1 construct performed significantly better 
than all other constructs.  In endosperm tissue, the 27zn and 19zn constructs performed 
significantly better than the negative control in the B73 and Va26 genotypes.  No 
construct performed significantly better than the negative control in the OH43 genotype 
in endosperm tissue.  Of interest was whether these genotype-specific expression patterns 
observed in the transient expression results were maintained in stable expression 
experiments (Fig. 2).  If this were the case, it might be possible to use transient 
expression not only to select the best construct, but also to match different constructs to 
different genetic backgrounds in which specific constructs perform well. 
 The constructs used in transient expression assays were used to develop stably 
transformed GFP expressing plants.  Several independent transformation events were 
generated with each construct.  Expression levels varied by transformation event and 
gene copy number, the reasons for these differences are unknown but may have involved 
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differences in transgene integration sites into the genome that affect transcription rates.  
Also, while event 231-24 had 13 copies of the transgene and the highest fluorescence 
level among the Glb1 constructs, the fluorescence was not proportional to the increase in 
copy number compared to the other Glb1 construct.  Reasons for this finding are 
unknown as well, but may have been due to a physiological limit on transcription from 
the Glb1 promoter. 
 The 22zn promoter used in the present study had no detectable activity in either 
the transient expression or the transgenic plants.  The GFP measurements in whole 
kernels showed the 22zn transformants were not significantly different from the B73 
inbred control kernels.  The 22zn gene family contains as at least 15 copies in the maize 
genome, however, some of these copies are inactive due to mutations (Song et al 2001).  
The 22zn promoter that we used in these experiments was sequenced and found to be 
similar to the 22zn promoter that produced a low percent of the ESTs observed by Woo et 
al. (2001).  With the low expression level for the 22zn promoter observed during transient 
expression (Fig. 2), we decided to continue with this construct to determine if the low 
expression level would be maintained in stably transformed tissues, which was shown to 
be the case.  The 22zn transcription level was not significantly different from the negative 
control in transient and stable expression platforms, and suggested that transient 
expression, for this promoter, was a good predictor of stable expression levels.   
 To understand the tissue specificity of the native seed storage proteins, including 
the Glb1, 19zn, 22zn, and 27zn genes, we compared EST frequencies derived from 
tissue-specific EST libraries.  ESTs from seed storage genes were located in tissues other 
than the seed (i.e. leaf, immature leaf, and tassel) in almost all cases, indicating that seed 
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storage genes are not tissue specific or seed specific.  Expression level was higher in 
either embryo or endosperm seed tissue in all seed storage genes.  This result implied that 
expression of seed storage proteins is seed tissue-preferred, not seed tissue-specific.  For 
the Glb1 and Glb2 genes, EST frequency analysis indicated expression in the immature 
leaf as well as the endosperm and embryo, although expression in the immature leaf did 
not occur in all leaf libraries.  This result may be dependent on genotype, but the 
expression level dependence upon genotype is not understood and needs to be tested 
further.   
 The value of a tissue marker is proportional to the tissue specificity of the marker.  
To characterize the seed tissue specificity of GFP in the transgenic events, we performed 
a conservative sampling experiment in which the fluorescence level of each major seed 
tissue was determined.  The extents of fluorescence in non-target tissues were important 
in order to establish a base level of fluorescence for that tissue.  We showed conclusively 
that no GFP fluorescence was present in the non-target embryo tissue of the 19zn and 
27zn transgenic lines.  GFP fluorescence in the non-target endosperm tissue of the Glb1 
transgenic line was higher than that of the negative control.  This was probably due to 
Glb1 promoter activity in this tissue, consistent with the observation that Glb1 ESTs were 
detected in endosperm tissue.  With these results, however, we can establish a baseline of 
fluorescence for further experiments.   
 A major objective of the present study was to establish the feasibility of using the 
transgenic grain containing tissue-preferred markers in grain fractionation studies.  About 
100 g of transgenic kernels for each event were hand-dissected to separate the pericarp, 
embryo, and endosperm tissues.  For 19zn and 27zn endosperm GFP specific events, the 
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GFP was almost exclusively present in the endosperm fraction, similar to the 
conservative sampling results above, suggesting that there was little or no endosperm 
contamination in the embryo or pericarp fractions.  For the Glb1 event, 68% of GFP was 
found in the embryo and 32% was present in the endosperm.  Because we knew the 
expected ratio of GFP in endosperm and embryo from our conservative sampling 
experiment, we used these values to calculate that 5.2% of the total embryo mass was 
present in the hand-dissected endosperm fraction.  The pericarp was free of embryo and 
endosperm contamination; however, we did not have a good marker for pericarp so we 
could not determine the extent of pericarp contamination in either the embryo or 
endosperm fractions.  From this information, we concluded that comparisons can be 
made between tissues using GFP as a marker protein.   
 
CONCLUSIONS 
 We determined from the outset of our research that these transgenic lines must 
have three criteria in order to meet our objectives.  First, the marker protein must be 
expressed at a high level.  Second, the marker protein must be stable through generations.  
Third, the marker protein must be quantifiable in each tissue.  From our results, it is clear 
that these criteria were met.  The GFP-containing maize lines developed in this study will 
be valuable for use as a tissue-specific marker for the evaluation and optimization of 
milling processes as well as for a variety of research including developmental studies and 
recombinant protein production studies. 
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TABLES AND FIGURES 
 
 
 
 
 
Table I 
ANOVA Model Used to Analyze Transient Expression Data 
Effect df Probability
c
 
Row
a
 7 0.8714 
Column
b
 11 0.8967 
Construct 4 <0.0001 
Genotype 2 <0.0001 
Tissue 1 <0.0001 
Construct x Genotype 8 <0.0001 
Construct x Tissue 4 <0.0001 
Genotype x Tissue 2 <0.0001 
Construct x Genotype x Tissue 8 0.1370 
a
 The effect of each row with randomized sample in the 96-well 
plate used to make the measurement. 
b 
The effect of each column with randomized sample in the 96-well 
plate used to make the measurement. 
c 
Result of the F-test.  Probabilities reflect the likelihood that a 
given effect is due to chance as a consequence of random variation 
in the measurement. 
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Table II 
Expression Level of Major Seed Storage Proteins in Maize Using 
EST Frequency 
Name 
EST Frequency (%) 
Endosperm Embryo 
Immature 
Leaf/Seedling 
Tassel Leaf 
Glb1 0.03 0.45 0.05 0.01 0.00 
Glb2 0.02 0.59 0.24 0 0 
Oleosin 0.08 0.65 0 0.17 0 
Alpha-
Globulin 
0.24 0 0.01 0 0.07 
19zn 0.15 0.0 0.01 0 0 
22zn 0.13 0.01 0 0 0.02 
27zn 0.12 0.01 0 0 0.01 
Actin-1 0.05 0.03 0.02 0.07 0.01 
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Table III 
Constructs and Transformation Events of GFP Transgenic Lines 
Construct Event Number of Events Selected Positives 
19zn P228 18 3 
22zn P229 13 2 
27zn P230 15 1 
Glb1 P231 16 3 
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Table IV 
Transgene Copy Number Estimated by Real-time Quantitative PCR 
Construct Event Copy Number SD
a
 
19zn P228-3 3 0.21 
19zn P228-29 2.5 0.44 
19zn P228-49 2 0.40 
27zn P230-3 2 0.52 
27zn P230-71 1 0.31 
Glb1 P231-23 3 0.32 
Glb1 P231-24 13 0.15 
Glb1 P231-27 1 0.09 
22zn P229-18 2 0.12 
a 
SD is standard deviation. 
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Table V 
Conservative Sampling of Transgenic Lines 
Line or Transgene and 
Tissue 
GFP Concentration (µg GFP/g 
tissue) 
GFP Distribution 
a
 
(%) 
B73   
Endosperm 1.3 0 
Embryo -1.6 0 
Total 
 
0.3  
Glb1   
Endosperm 12.3 5.5 
Embryo 207.7 94.5 
Total 
 
220.0  
27zn   
Endosperm 261.8 100.0 
Embryo 0 0 
Total 
 
261.8  
19zn   
Endosperm 234.4 100.0 
Embryo 0.0 0.0 
Total 234.4  
a 
GFP distribution is the GFP concentration of the tissue divided by the combined GFP 
concentration of the embryo and endosperm of the transgenic line.   
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Table VI 
Composition and Yield of Hand-dissected Transgenic Kernels 
Promoter/ 
Fraction 
Mass 
Yield 
(%) 
Fiber 
Content 
(% db
a
) 
Fiber 
Yield 
(%) 
Oil 
Content 
(db) 
Oil 
Yield 
(%) 
GFP 
Concentration 
(µg GFP/g 
tissue db) 
GFP 
Yield
b 
(%) 
27zn        
Embryo 11.9 5.3 25.6 31.3 81.2 4.7 0.2 
Endosperm 81.4 0.7 21.4 0.8 14.2 406.7 99.8 
Pericarp 6.7 19.5 53.1 3.3 4.7 0.0 0.0 
Total 100.0   100.2   100.1   100.0 
        
19zn        
Embryo 10.5 12.9 42.9 23.1 95.5 0.0 0.0 
Endosperm 83.5 0.9 23.0 0.9 3.5 321.7 100.0 
Pericarp 6.0 18.2 34.6 0.2 0.8 0.0 0.0 
Total 100.0   100.5   99.8   100.0 
        
Glb1        
Embryo 12.6 12.2 44.9 23.9 80.2 117.3 67.8 
Endosperm 80.8 0.8 18.0 0.6 2.0 8.7 32.3 
Pericarp 6.7 18.7 36.9 5.3 17.8 0.0 0.0 
Total 100.0   99.2   100.0   100.0 
        
B73        
Embryo 11.4 10.1 37.7 24.7 54.9 0.0 0.0 
Endosperm 86.8 0.8 21.5 0.5 1.1 0.0 0.0 
Pericarp 1.7 18.9 40.7 18.9 42.0 0.0 0.0 
Total 100.0   100.0   98.0     
a 
db = dry basis 
b
 GFP yield was corrected for GFP yield due to expression and represents only the GFP 
yield that was the result of hand-dissection. 
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Table VII 
GFP Distributions and the GFP Yields in Embryo and Endosperm of Each Transgenic Line  
 
Promoter/ 
Fraction 
 
Theoretical 
GFP 
Distribution
a
 
(%) 
Observed 
GFP 
Distribution 
from Hand-
dissection
b
 
(%) 
Deviation 
from 
Theoretical 
GFP 
Distribution
c
 
(%) 
 
Theoretical 
GFP Yield
d
 
(%) 
 
Observed 
GFP Yield 
From Hand-
dissection
e
 
(%) 
 
Deviation 
from 
Theoretical 
GFP Yield
f
 
(%) 
Glb1       
Embryo 94.5 93.1 (1.4) 73.0 67.8 (5.2) 
Endosperm 5.5 6.9 1.4 27.0 32.2 5.2 
19zn       
Embryo 0.0 0.0 0.0 0.0 0.0 0.0 
Endosperm 100.0 100.0 0.0 100.0 100.0 0.0 
27zn       
Embryo 0.0 0.0 0.0 0.0 0.0 0.0 
Endosperm 100.0 100.0 0.0 100.0 100.0 0.0 
a
 Theoretical GFP distribution from Table V represents the GFP distribution in perfect 
fractionation derived from conservative sampling experiment. 
b
 Observed GFP distribution from hand-dissection was derived from the GFP content (ug 
GFP/g tissue) data in Table VII. 
c
 Deviation from theoretical GFP distribution was derived from the difference between 
the theoretical GFP distribution and the observed GFP distribution from hand-dissection 
in this table. 
d
 Theoretical GFP was derived from Table V and represents the GFP yield in a perfect 
fractionation. 
e 
Observed GFP yield from hand dissection is calculated by multiplying the observed 
GFP distribution from hand-dissection in this table by the mass yield in Table VII. 
f 
GFP deviation from theoretical GFP yield was derived from the difference between the 
theoretical GFP yield and the observed GFP yield from hand-dissection in this table.
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Fig. 1.  Constructs used in transient and stable transformation experiments.  Detailed are 
known transcription factor binding sites that direct expression to embryo (Glb1) and 
endosperm (27zn, 22zn, 19zn) of maize seed tissues.  Sequences of known transcription 
factor binding sites are indicated on the right. 
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Fig. 2.  Relative Fluorescence Unit (RFU) measurements of GFP accumulation in 
transient expression assays using constructs bombarded into maize embryo and 
endosperm tissue of three inbred genotypes OH43, Va26, and B73, 15 days after 
pollination.  The negative control is the pUC19 plasmid and error bars are one-half of the 
Least Significant Difference so differences between bars with overlapping error bars are 
not significant (LSD = 341 with α = 0.05) 
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Fig. 3.  Stable GFP expression in cross sections of maize kernels as seen under normal 
light and UV light.  Images are overlaid to localize the fluorescence in the kernel.  Em 
designates embryo tissue.  En designates endosperm tissue. 
 76 
 
 
Fig. 4.  Fluorescence measurements of GFP in stable transformants per kernel mass.  
Error bars are standard deviation of the mean.  The numbers following error bars are the 
transgene copy number for that event. 
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ABSTRACT 
 
 The efficiency of fractionating cereal grains (e.g., dry corn milling) can be 
evaluated and monitored by quantifying the proportions of seed tissues in each of the 
recovered fractions.  The quantities of individual tissues are typically estimated using 
indirect methods such as quantifying fiber or ash to indicate pericarp and tip cap contents, 
and oil contents indicate germ.  More direct and reliable methods are possible with tissue-
specific markers.  We used three transgenic maize lines; two containing the fluorescent 
protein Green Fluorescent Protein (GFP) expressed in endosperm and the other 
containing GFP expressed in germ to determine the fate of each tissue in the dry-milling 
fractionation process.  The three lines were dry-milled to produce three fractions (bran-, 
endosperm-, and germ-rich fractions) and GFP protein was quantified in each fraction to 
estimate the tissue composition. Using a simplified laboratory dry-milling procedure and 
our GFP-containing grain, we determined that the endosperm-rich fraction contained 4% 
germ tissue, the germ-rich fraction contained 28% germ, 20% endosperm, and 52% bran 
(pericarp and tip cap tissues), and the bran-rich fraction contained 44% endosperm, 13% 
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germ and 43% bran. Using GFP-containing grain can be used to optimize existing 
fractionation methods and to develop improved processing methods. 
 
INTRODUCTION 
 
 The corn (Zea mays L.) kernel is composed of pericarp, tip cap, germ or embryo, 
and endosperm tissues.  Each tissue has different physical properties, chemical 
compositions, and cellular structures.  Being rich in lipids, corn germ is a source of edible 
corn oil.  The endosperm is rich in starch and protein and is used in various food products 
such as flakes, grits, meal, or flour and in ethanol production.  The pericarp is rich in 
fiber and is primarily used as cattle feed.  More recently, the corn kernel has been the site 
for producing recombinant proteins, especially therapeutic proteins and industrial 
enzymes, by targeting the protein to one tissue and using fractionation to obtain a 
recombinant protein-rich fraction for more efficient subsequent extraction and 
purification (Kusnadi et al 1998; Yildirim et al 2002).  The value of grain can be 
increased by fractionation because separation of the tissues allows each to be used for a 
specific purpose to which it is optimally suited. 
 Dry milling results in three major fractions – a germ-rich fraction, an endosperm-
rich fraction, and a bran-rich fraction.  The separation of maize tissues is never perfect, 
resulting in fractions containing different proportions of different tissues, and the degree 
of contamination among fractions greatly impacts the value of the fractionated product.  
A variety of processing factors can be optimized (tempering time, mill type and speed, 
feed rate and sieve screen sizes), and the optimal parameters depend upon the type of 
corn used, the type of available equipment, and the required fraction purity, particle size, 
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and yield.  In order to optimize these parameters, however, it is important to know how 
the tissue composition of each fraction partitions.  For this purpose, a tissue-specific 
marker would be very useful.   
 An ideal tissue-specific marker would be one that is easy to measure and 
homogeneously distributed within a specific tissue and confined to one tissue.  Such a 
marker would enable fractionation efficiency to be easily and reliably determined and 
enable the milling process to be adjusted to produce fractions that are as pure as possible 
or meet other product specifications for purity.  For germ tissue, current methods use oil 
content and oil yield as markers to track germ recovery during dry-fractionation 
processes (Yildirim et al 2002).  Because the germ is composed on average of 33% oil 
(Watson and Ramstad 1987) and typically contains about 85% of the total oil in the corn 
kernel, estimations of germ content in various fractions can be made.  This is the best 
marker currently available for quantifying germ but it is not perfect because small 
amounts of oil are present in the endosperm and pericarp as well.  In wheat, the bran is 
tracked using crude fiber content as a marker (Pomeranz 1987) but fiber is not reliably 
used as a marker in corn because of significant levels of fiber present in the endosperm 
(2.7%) and germ (8.8%) (Watson and Ramstad 1987).  Biochemical markers such as 
phenolic acids have also been used as tissue-specific markers (Antoine et al 2004) in 
wheat but this marker is present in all cell walls and cannot be used for tracking tissues in 
corn. 
 The natural markers that have been previously used present problems of 
specificity to a tissue and their relative levels in different tissues may be subject to 
environmental and genetic factors.  Therefore, we set out to develop transgenic plants 
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containing an exogenous marker designed to accumulate in different tissues of the corn 
kernel.  Green Fluorescent Protein (GFP) has been well characterized as a marker protein 
and is frequently used in biological systems (Ehrhardt 2003).  In our previous work 
(Shepherd et al 2007), we used three seed storage protein promoters to develop transgenic 
corn plants containing GFP in maize seed tissues.  The constructs were based on the 
globulin-1 (Glb1) promoter, which is primarily active in germ tissue, but also has activity 
in the endosperm and aleurone tissue, and two zein promoters, which are active in 
endosperm tissue.  The theoretical distribution of GFP in the grain of transgenic plants 
containing these constructs was determined.  Grain containing the zein promoter 
constructs contained GFP only in endosperm tissue, while grain containing the Glb1 
promoter construct had 94.5% of the GFP in the embryo and 5.5% of the GFP in the 
endosperm (Shepherd et al 2007).  This is the amount of GFP in each seed tissue if 
separation of the seed tissues is perfect. 
 The objective of the present study was to use GFP-containing corn as a tool for 
measuring the separation efficiencies of dry fractionation processes.  Our approach was 
to subject GFP-containing seeds to a simplified laboratory dry milling and fractionation 
procedure to determine the partitioning of GFP in each fraction.  This information was 
then used to determine the amount of each seed tissue in each dry-milled fraction. 
 
MATERIALS AND METHODS 
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Grain Production 
 Transgenic plants were developed as previously described (Shepherd et al 2007).  
The genetic background of the plants used in the present study was predicted to be 87.5% 
B73, 12.5% A188.  Transgenic plant lines were designated as 27zn, 19zn or Glb1 
according to the promoter used to regulate GFP transcription.  Transgenic plants and non-
transgenic B73 were grown in the same nursery, near Ames, IA in 2005.  Plants were 
hand pollinated and individual ears were picked at harvest and allowed to dry to 
approximately 12% moisture prior to shelling by hand.  Ears used were heterozygous for 
the GFP transgene with a 3:1 ratio in favor of the transgene. 
 
Dry-milling 
 GFP-containing kernels from the 27zn and Glb1 transgenic lines, as well as non-
GFP containing B73 inbred line kernels were cleaned of insects, broken and damaged 
kernels and tempered in a sealed bag for 2.5 h by adding water to achieve 21% moisture. 
The tempered corn was fractionated using a laboratory Beal-type drum degermer 
according to the flow diagram shown in Figure 1. Mill settings were the same settings 
optimized for a lipase-containing corn (Vignaux et al 2004). Germ-, endosperm-, and 
bran-rich fractions were weighed and used for analytical tests. 
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Visual Evaluation of GFP Fluorescence in Dry-milled Fractions 
 About 15mg of each dry-milled fraction were spread evenly on small sections of 
weigh boats and observed for GFP fluorescence.  GFP was observed with an Olympus 
SZH10 microscope (Leeds Precision Instruments, Minneapolis, MN) fitted with 485-nm 
excitation and 535-nm emission filters under 4x-magnification. 
 
Hand Dissection 
 About 100 g of whole kernels from each of the 27zn and Glb1 transgenic lines 
and 100 g of whole kernels from the B73 inbred line were soaked overnight in water and 
dissected by hand into pericarp, embryo, and endosperm tissues.  The recovered tissues 
were dried for two days and then ground to fine consistencies.  Germ, endosperm, and 
bran fractions were weighed and analyzed. 
 
Analytical Procedures 
 Whole kernels and endosperm-, germ-, and bran-rich fractions from the dry-
milling and hand-dissection experiments were analyzed for moisture, protein, crude fat 
and GFP contents and mass balances and recoveries of GFP were calculated. Whole 
kernels and fractions were ground with a Wiley mill equipped with a #40-mesh screen. 
The moisture contents were determined in triplicate according to AACC method 44-19 
(AACC 2000).  Crude free-fat contents were determined in duplicate on all fractions 
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according to AACC method 30-25 (AACC 2000).  Mass-balances were determined on a 
moisture-free basis. 
 
GFP Measurement 
 GFP content was measured by fluorometry in a black 96-well plate.  Standard 
curves were developed for each type of measurement (whole kernels, endosperm, germ, 
bran) using GFP-spiked fractions or kernels of the non-transformed maize inbred line 
B73.  Ten mg of ground material was placed in 10 wells and 100 uL of extraction buffer 
(30 mM Tris,10 mM EDTA,10 mM NaCl, 5 mM DTT) spiked with a known 
concentration of recombinant GFP (Clontech rGFP Ref # 632373).  GFP concentrations 
were 0, 5, 10, 15, 17.5, 20, 25, 30, 35, and 40 µg/mL.  The wells were mixed with a 
pipette tip and read in a 96-well spectrofluorometer (Tecan, Mannedorf/Zurich, 
Switzerland) using 485-nm excitation and 535-nm emission wavelengths.  GFP-
containing fractions were measured in the same way, but without adding recombinant 
GFP.  Relative fluorescence units were converted to GFP concentrations using the 
standard curves developed with the GFP-spiked non-transgenic samples. 
 
Calculation of Dry-milling Efficiency 
 The separation of maize tissues using dry-milling processes is not perfect, and the 
result is endosperm-, germ-, and bran-rich fractions.  To determine separation efficiency 
achieved using our laboratory dry-milling process as an example of demonstrating the 
utility of our GFP-containing corn, the amount of each seed tissue present in each 
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fraction was calculated.  For example, each fraction was comprised of a percentage of 
endosperm tissue (X), a percentage of germ tissue (Y), and a percentage of other tissues 
that is pericarp and tipcap (Z).  The amounts of X, Y, and Z differ for each fraction, but 
for each fraction, 
X + Y + Z = 100% 
 
Because GFP expression was confined nearly exclusively to either the germ or 
endosperm tissue, we used GFP yield to calculate the values of X, Y and Z for each 
fraction.  To calculate the amount of endosperm tissue (X) in the germ-rich fraction, we 
multiplied the percentage of endosperm tissue in the starting material by the endosperm-
specific GFP yield in the germ-rich fraction from the 27zn grain from Table II.  For the 
percentage of endosperm tissue in the starting material we used the published values for 
mass % of the endosperm-rich fraction derived from hand-dissection of kernels 
previously reported (Shepherd et al 2007).  Since several grain samples were fractionated 
this way in the study, we used the reported average value.  This quantity was then divided 
by the mass percentage of the germ-rich fraction from dry milling to determine X.  As 
before, because several fractionations were carried out, we used the average mass 
percentage of the germ-rich fractions from Table II.  For example, 
 
 
 
 
 
fraction)rich -germ ofpercent  (mass
 fraction)rich -germ27zn in  yield GFPmaterial)( startingin  % Endosperm(
X
0.20
)3.15(
)6.3)(9.82(
X
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Where X was the percentage of endosperm tissue in the germ-rich fraction, average mass 
percentage of endosperm tissue from (Shepherd et al 2007) and GFP yield of the germ-
rich fraction of 27zn grain was taken from Table II and average mass percent of germ-
rich fraction from dry milling was taken from Table II. 
 We used a similar equation to calculate the percentage of germ tissue in the germ-
rich fraction, but this calculation was complicated by the fact that, unlike our endosperm 
tissue marker, our germ tissue marker was not completely tissue specific.  Using data 
from a previously reported conservative sampling experiment (Shepherd et al 2007) we 
could determine that the 73% of the GFP in the transgenic Glb1 corn was present in the 
germ, while 27% of the GFP was in the endosperm as shown in Table III.  The value of Y 
was calculated using an equation similar to that for X, with a correction factor applied to 
account for GFP expression in non-germ tissues: 
 
 
 
 
 
 
 
Where Y was the percent of germ tissue in the germ-rich fraction.  Average mass % of 
germ-rich fraction was from Shepherd et al (2007) and average mass percent of germ-rich 
fraction)rich -germ ofpercent  (mass
Germ)in  GFP Glb1 of Percentagefraction)(rich -germ Glb1in  yield GFPmaterial)( startingin  % Germ(
Y
0.28
)3.15(
%)73)(7.47)(5.12(
Y
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fraction from dry-milling was taken from Table II and average GFP yield in germ-rich 
fraction from the 27zn grain was calculated from Table II. 
 The mass in each fraction that was not accounted for by germ or endosperm tissue 
was composed mainly of pericarp tissue and the mass percentage that this tissue 
represented was calculated for each fraction using the equation: 
 
% remaining tissue in the germ-rich fraction = 100%-X-Y 
 
This calculation determined the amount of tissue in the germ-rich fraction that was not 
endosperm or embryo tissue based on GFP yield.  X, Y and Z were calculated for each 
fraction to get the percentages of germ, endosperm and pericarp tissue in each fraction. 
 
Statistical Analysis 
 The experiment tested the effect of the transformation event on the composition 
and yields of the dry-milled fractions.  The treatment (transformation event) was 
randomized and tested in duplicate.  Analysis of variance (ANOVA) was independently 
performed for each fraction by following the general linear model (GLM) procedure of 
SAS v.9.10 (SAS Institute, Cary, NC) to test the hypothesis that means were not 
significantly different when corn derived from different transformation events was used 
(Table I).  When the effect of a factor was significant, Tukey‟s multiple range tests were 
used to differentiate treatment means at the 95% significance level. 
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RESULTS 
 
Dry Fractionation 
 We define the separation efficiency of dry milling to be the proportion of each 
fraction comprised of the desired tissue.  We set out to use GFP as a tissue maker that 
would allow milling efficiency to be determined.  Dry fractionation was performed and 
the fractions were characterized for oil, mass, protein, and GFP yields.  Dry fractionation 
results were subjected to ANOVA using a fixed effects model (Table I).  Significant 
differences at 99% confidence were observed between bran-, germ-, and endosperm-rich 
fractions for GFP concentration and GFP yield, and between protein % in germ and 
endosperm between the two transformants.  Significant differences at 95% confidence 
were observed for mass yield in germ tissue between 27zn and Glb1 and protein yield in 
germ tissue between 27zn and Glb1 transformants. 
 Dry fractionation results for the three transgenic corn lines and B73 are shown in 
Table II.  The mass distributions of the fractions were not significantly different for all 
corn lines except for the B73 control.  Fractionation of B73 resulted in more endosperm-
rich fraction and less germ-rich fraction.  As observed in the hand-dissection experiment, 
B73 had a different kernel shape than the three transgenic lines, and this characteristic 
affected its dry-milling mass yields. 
 Oil content has been traditionally used to identify germ-rich fractions.  Fractions 
whose oil yield was higher than mass yield have been bulked to become the germ-rich 
fraction.  Our results show that there were no significant differences in oil contents of the 
same fractions among corn types.  B73 tended to produce a germ-rich fraction with 
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higher oil content (~23%); however, oil yield in the germ-rich fraction was the lowest for 
this corn due to the smaller mass of this fraction.  These results indicated that the 
endosperm-rich fraction of B73 contained more germ than the same fractions of the two 
transgenic lines. 
 Protein contents were significantly higher in the germ- and endosperm-rich 
fractions of B73 compared to the transgenic corn.  This was consistent with the higher 
protein content of the whole kernels (13%) compared to the protein contents of 27zn 
(10.9%) and Glb1 (11.2%).  The mill settings were kept the same throughout the entire 
experiment, so the differences in fractionation observed between B73 and the three 
transgenic lines were likely due to the more spherical shape of the B73 kernels. 
 In all cases but B73, all fractions recovered after milling contained GFP.  For all 
events, the highest GFP concentrations were found in the fractions expected based on the 
tissue preference of the promoter used in the GFP construct.  GFP concentration was 
about 15 times lower in endosperm tissue for the transgenic line containing the embryo-
preferred promoter than the transgenic line containing the endosperm-preferred promoter.  
The majority of the GFP for the 27zn event was recovered in the endosperm-rich fraction 
as expected, with minor amounts in the germ- and bran-rich fractions.  In the Glb1 event, 
the largest amount of GFP was recovered in the germ-rich fraction, but considerable 
portions were also found in the endosperm (33.5%) and bran (8.8).  Essentially all of the 
GFP was recovered when GFP was expressed in the endosperm. 
 For a given construct, the GFP yields in a dry-milling fraction were made up of 
two components; 1) GFP in the fraction due to expression of GFP in tissues and 2) GFP 
yield in the fraction due to fractionation processing error, or the tissue separation error 
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due to fractionation processes.  Because we determined the amount of GFP expression in 
each tissue due to each promoter in a conservative sampling experiment previously 
reported (Shepherd et al 2007), we were able to correct for this expression as shown in 
Table III. 
 
Visual Observation of Fluorescence in Dry-milled Fractions 
 To examine the fluorescence in dry-milled tissues after fractionation, the fractions 
were weighed, ground and spread evenly for viewing under a microscope fitted with 
fluorescent filters.  Images were taken at a constant fluorescent filter setting (Fig. 2).  
Visual observation agreed with the distribution of GFP content shown in Table III.  The 
images show that the GFP fluorescence level was highest in the 27zn endosperm-rich 
fraction and in the Glb1 embryo-rich fraction, which was consistent with the results 
illustrated in Table III.  Low levels of fluorescence were observed in the germ-rich 
fractions of 27zn event and endosperm of Glb1 event, which suggested possible 
contamination of these fractions with GFP-containing tissues.  The non-transgenic B73 
control showed no visually detectable fluorescence. 
Tissue Compositions of Dry-milled Fractions 
 The main objective of this study was to develop a method of determining 
the efficiency of tissue separation in dry-milled fractions.  Using GFP as a tissue marker, 
it was possible to estimate the tissue composition of each fraction (Fig. 3).  This 
calculation was based on the actual tissue distribution of each grain sample, which was 
obtained from a previously reported hand-dissection experiment (Shepherd et al 2007).  
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Because we needed data from several fractionations to determine fractionation efficiency, 
we used as the tissue percentages the average values of all fractionations.  The 
distribution of GFP in the grain tissues of each construct was also needed for this 
calculation.  This distribution was a reflection of the tissue specificities of the promoters 
used in these constructs, and was determined previously by conducting a conservative 
sampling experiment (Shepherd et al 2007).  Because this distribution contained the 
actual GFP content of each tissue, we considered the distribution that would be obtained 
in a theoretical perfect fractionation.  Any deviation from this distribution in the dry-
milled fractions was due to tissue contamination. 
 Because the endosperm marker and the embryo marker were contained in 
different grain samples, it was necessary to use the average mass percentage of all of the 
fractionations.  As a result of using values that were averaged across all fractionations, 
the fractionation efficiencies presented in Figure 3 represent averages across the 
experiment rather than the efficiencies of a given fractionation.  The endosperm-rich 
fraction was mostly composed of endosperm (100%) but was contaminated with 4% of 
germ, and no bran.  The germ-rich fraction contained germ (28%) but also was composed 
of 20% endosperm and 52% bran.  The bran-rich fraction contained mostly endosperm 
(44%) and bran (43%), with 13% germ, indicating that some endosperm and germ are 
removed along with the bran during dry-milling. 
 
DISCUSSION 
 
In this study, transgenic maize lines that expressed GFP in seed-tissues were used 
to measure the efficiency of fractionation procedures.  Two transgenic maize lines were 
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used; one contained GFP in the endosperm (27zn) and served to track endosperm tissue 
through the dry-milling procedure.  The remaining transgenic line expressed GFP in the 
embryo and was used to track the germ tissue.  With this design, we were able to estimate 
the proportion of each tissue present in each dry-milled fraction.  Such an analysis 
showed that the endosperm-rich fraction obtained by our laboratory dry-milling 
procedure was more pure for the intended tissue than were the germ-rich and bran-rich 
fractions.  In addition, tissue recovery was highest for the endosperm-rich fraction as it 
contained 100% endosperm tissue.  The endosperm-rich fraction was calculated to also 
contain around 4% embryo tissue, suggesting that an overestimation of endosperm may 
be occurring in our calculations.  About 28% of the germ-rich fraction was germ, and this 
fraction also contained 20% endosperm and 52% bran.  The bran-rich fraction was 
similar in endosperm (44%) and in bran (43%) contents, but also contained germ tissue 
(13%).  The laboratory dry-milling procedure used had been developed based on oil 
contents of the fractions.  Therefore, mill settings were chosen so that the endosperm-rich 
and bran-rich fractions contained the least amount of total oil, and the germ-rich fraction 
contained as high oil content as possible.  Optimization did not include measuring the 
pericarp content in the bran-rich fraction because no marker was available to do so.  
Furthermore, as was observed with B73, tissue separation was influenced by corn kernel 
shape and because the dry-milling process was optimized using a setting developed for 
more typical corn, it was perhaps not optimal for our transgenic corn containing GFP.  
Our results suggest that a marker, such as GFP, could facilitate process optimization and 
better kernel tissue separation. 
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 To be a perfect tissue marker, the marker must fulfill the following 
characteristics: (1) be confined to the target tissue (or have quantitative characteristics to 
correct for non-targeted tissue accumulation); (2) be relatively homogeneous in 
distribution throughout the tissue; and (3) be easy to quantify.  Regulation of fluorescence 
to the target tissue has been demonstrated using conservative sampling of target tissues 
and measuring fluorescence level and correcting GFP yields for expression outside of 
target tissue (Shepherd et al 2007).  Homogeneity of the samples was also scrutinized in 
the present work.  In viewing GFP fractions under a microscope fitted with fluorescent 
filters, we observed heterogeneous distribution in the endosperm-rich fractions (Figs. 2a 
and 2b).  Regions of intense fluorescence were observed, possibly due to the presence of 
larger hard endosperm pieces.  Ground germ-rich fractions were more evenly distributed 
based on visual data (Figs. 2a and 2b).  Using the fluorescence level of ground fractions, 
the amount of GFP protein can be directly measured.  A standard curve using 
fluorescence units can be converted to protein content because GFP fluorescence is 
directly related to protein amount (Southward and Surette 2002).  Previous reports have 
quantified GFP fluorescence in plants (Niwa et al 1999; Remans et al 1999) and shown 
that GFP fluorescence was directly related to the amount of GFP present (Richards et al 
2003).  Measurement of transiently expressed GFP in plant tissues was reported by visual 
confirmation (Tee et al 2003) and by image analysis (Furtado and Henry 2002).  GFP was 
a good tissue marker that met all of our criteria. 
 The results from the laboratory dry-milling of the GFP-containing corn could also 
be useful as a model for recombinant protein production in corn, especially therapeutic 
proteins and industrial enzymes.  Targeting recombinant protein in a specific tissue has 
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been a long-used strategy to concentrate the target protein into rich fractions before the 
purification steps to increase efficiency of recovery and decrease the cost of downstream 
processing.  We showed that 47.7% of the germ-targeted GFP could be recovered in 15% 
of the total seed mass, corresponding to a concentration of around 3x GFP relative to 
whole grain.  Higher levels are probably possible by optimizing the process for the 
specific corn.  We also showed that it was possible to recover more than 90% of the GFP 
protein in 77% of the total seed mass when the protein was expressed in the endosperm.  
This means that GFP was concentrated by a factor of 1.2 relative to its concentration in 
whole grain. This result was in agreement with a similar study done with corn containing 
recombinant dog gastric lipase (Vignaux et al 2004).  Lipase-containing corn was 
subjected to the same laboratory dry-milling process as in the present study, and showed 
that the production of an endosperm-rich fraction made up of 70% of the total mass 
contained 89% of the total recombinant lipase.  The dry-milling process used with lipase-
containing corn was optimized using oil content as a marker and resulted in less 
endosperm-rich fraction with lower oil recovery than transgenic corn used in the current 
work. 
 The amount of fluorescence in each tissue was determined previously for the 
transgenic lines by a conservative sampling technique (Shepherd et al 2007). The 27zn 
promoter was shown to have almost exclusive activity in the endosperm.  The Glb1 
promoter was shown to have activity mostly in the embryo, with some activity in the 
endosperm tissue.  Therefore, to determine GFP yield that measures only the GFP due to 
fractionation, it was necessary to correct for the expression of GFP in endosperm tissue 
of the Glb1 transgenic lines.  The GFP distribution in Glb1 transgenic corn due to the 
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Glb1 promoter activity was 94.5% in the embryo, and 5.5% in the endosperm.  The 
expression pattern of the Glb1 promoter could be corrected for as described in Table III.  
The theoretical GFP distribution was the GFP distribution in the tissue due to expression 
of GFP, and represented the GFP tissue distribution of a perfect dry-milling fractionation 
process.  The observed GFP distribution was the result of the dry-milling fractionation 
and contained tissue contaminations.  The deviation of the theoretical GFP distribution 
representing a perfect fractionation from the observed GFP distribution was the amount 
of dry-milling fractionation error of each fraction.  This deviation can be converted to 
GFP yield, which was the amount of GFP in each tissue fraction based on the mass 
percentage of that tissue fraction. 
 In the present study, we confirmed that GFP can be used as a tissue marker to 
evaluate corn dry-milling procedures.  Endosperm-targeted GFP was produced and 
recovered in an endosperm-rich fraction.  Embryo-targeted GFP was recovered less 
efficiently than endosperm-targeted GFP.  Optimizing the dry-milling process to recover 
higher proportions of the protein is necessary to decrease the loss and increase the 
efficiency of tissue fractionation.  Process definition and corn type are known to 
influence corn kernel tissue separation and optimization may be necessary with new types 
of corn due to differences in physical properties of the grain.  In the present study, we 
showed that the GFP-containing transgenic corn can be helpful in that respect. 
 
CONCLUSIONS 
 Our main objective was to test the ability of GFP to be used as a tissue-specific 
marker protein for use in evaluating and optimizing corn dry-milling and fractionation 
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procedures. We have shown that GFP can be processed and recovered during dry milling.  
The amount of GFP in each fraction can be quantified.  GFP was easy to quantify and 
track during fractionation by direct visualization under fluorescent light.  In order to be a 
perfect marker, GFP distribution within the target tissue will need to be homogeneous.  
Images of fractions under a microscope fitted with fluorescent filters showed possible 
heterogeneity of GFP within the endosperm. Although further investigation is needed in 
that area, our work represents an encouraging first attempt to use biotechnology to 
optimize corn fractionation. 
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TABLES AND FIGURES 
 
 
Table I 
Analysis of variance (ANOVA) was independently performed for each fraction by 
following the general linear model (GLM) procedure of SAS v.9.10 for the effects of 
27zn and Glb1 transformants on the composition of dry milling fractions. 
  Mass 
yield 
Oil 
content 
Oil 
yield 
GFP 
conc. 
(ug/g) db 
GFP 
yield 
Protein % 
(db) 
Protein 
yield 
Whole N/A N/A N/A N/A N/A N/A N/A 
Bran ns ns ns ** ** ns ns 
Germ * ns ** ** ** ** * 
Endo ns ns ns ** ** ** ns 
Total ns N/A ns N/A ** N/A * 
* : significant at 95% confidence 
** : significant at 99% confidence 
N/A = Not Any Data 
ns= not significant 
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Table II 
Mean compositions of dry-milled fractions of the transgenic lines 27zn and Glb1 with B73 
inbred line as the control. 
 
Fractions 
 
ID 
 
Mass 
Yield 
(%) 
 
Oil 
Content 
(% db) 
 
Oil 
Yield 
(%) 
 
Protein 
Content 
(% db) 
 
Protein 
Yield 
(%) 
GFP 
Conc. 
(ug GFP/ 
tissue g) 
(db) 
 
GFP 
Yield
 
(%) 
Whole  27zn 100 4.5 100 10.9 100 303 100 
kernel Glb1 100 4.4 100 11.2 100 58.5 100 
  B73 100 3.7 100 13.0 100 0.0 100 
 Avg. 100       
Endosperm 27zn 74.3 2.1 34.2 10.3 a 70.5 381 a a 93.1 a 
-rich Glb1 75.0 1.9 33.4 10.8 b 72.6 25.8 b 33.5 b 
  B73 82.9 2.1 47.3 12.1 c 76.9 0.00 c 0.00 c 
 Avg. 77.0       
Germ-rich 27zn 16.3 a 16.9 61.3 a 15.3 a 22.9 66.3 b 3.6 a 
 Glb1 16.2 a 17.0 62.9 a 14.3 a 20.6 178.1 a 47.7 b 
  B73 12.5 b 22.9 44.3 b 21.5 b 11.8 0.0 c 0.0 c 
 Avg. 15.3       
Bran-rich 27zn 7.4 2.0 3.30 10.1 6.90 172 a 4.2 a 
 Glb1 8.4 2.0 3.80 10.2 7.70 72.0 b 8.8 b 
  B73 6.9 2.6 4.80 11.8 6.20 0.00 b 0.0 c 
 Avg. 7.8       
Total 27zn 98.1  98.9 N/A 100 a N/A 100 a 
 Glb1 99.6  100 N/A 90.0 b N/A 90.0 a 
  B73 96.9   96.4 N/A 95.0 b N/A 0.0 b 
 Avg. 98.2       
a 
Values followed by the same letter within the same section of a column are not 
significantly different (P<0.05).  No letters are shown when values within a section did 
not exhibit significant differences. 
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Table III 
The GFP distribution and the GFP yield in germ-, endosperm-, and bran-rich 
fractions from the Glb1 and 27zn.   
 
Promoter/ 
Fraction 
 
Theoretical 
GFP 
Distribution 
a
 (%) 
 
Observed 
GFP 
Distribution 
from Dry-
Milling 
b
 
(%) 
 
Deviation 
from 
Theoretical 
GFP 
Distribution 
c
 (%) 
 
Theoretical 
GFP Yield 
d
 (%) 
Observed 
GFP 
Yield 
from 
Dry-
Milling 
e 
(%) 
 
Deviation 
from 
Theoretical 
GFP Yield 
f
 (%) 
Glb1       
Germ 94.5 64.6 29.9 77.3 51.7 25.7 
Endosperm 5.5 9.4 3.9 22.7 37.7 15.3 
Bran 0.0 26.1 26.1 0.0 10.7 10.7 
27zn       
Germ 0.0 10.1 10.1 0.0 3.2 3.2 
Endosperm 100.0 61.5 38.5 100.0 92.6 7.4 
Bran 0.0 27.8 27.8 0.0 4.2 4.2 
a  
Theoretical GFP distribution from Table II represents the GFP distribution of a perfect 
fractionation and reflects the tissue specificity of each promoter used to make the GFP 
constructs.  These values were determined by Shepherd et al (2007). 
b
 Observed GFP distribution from dry-milling was derived from the GFP content (ug 
GFP/g tissue db) in Table II. 
c
 Deviation from theoretical GFP distribution was derived from the difference between 
the theoretical GFP distribution and the observed GFP distribution from dry-milling in 
this table. 
d
 Theoretical GFP Yield was derived from Table II and represents the GFP occurring in a 
perfect fractionation . 
e
 Observed GFP yield from dry-milling was calculated by multiplying the observed GFP 
distribution form dry-milling in this table by the mass yield (%) in Table II. 
f 
GFP Deviation from theoretical GFP yield was derived from the difference between the 
theoretical GFP yield and the observed GFP yield from dry-milling in this table.
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Fig. 1.  Diagram of the simplified laboratory dry-milling procedure performed with GFP-
containing corn and B73 inbred line as a control. 
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Fig. 2.  Visualizations of transgenic corn and B73 inbred line control after dry grind and 
fractionation procedure.  Shown is endosperm-, embryo-, and bran-rich fractions of the 
19zn, 27zn and Glb1 transgenics and B73 inbred line under normal light and UV light. 
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Fig. 3.  The mass percent of hand-dissected fractions followed by the mass percent of the 
dry-milled fractions.  The bottom pie charts represent the percent tissue composition of 
the bran-, germ-, and endosperm-rich fractions calculated from mass percent and GFP 
yield. 
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Chapter 4:  Construction and evaluation of a 
maize chimeric promoter with activity in kernel 
endosperm and embryo 
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ABSTRACT 
 
Chimeric promoters contain DNA sequences from different promoters.  Chimeric 
promoters are developed to increase the level of recombinant protein expression, 
precisely control transgene activity, or to escape homology-based gene silencing   Sets of 
chimeric promoters, each containing different lengths of DNA from the maize 27kDa 
gamma zein (27zn) endosperm-preferred promoter and the Globulin-1 (Glb1) embryo-
preferred promoter were created and tested in a transient expression assay of green 
fluorescent protein (GFP).  Promoter fragments with the highest activity were combined 
to create the chimeric promoter A27znGlb1.  In the context of the chimeric promoter, the 
selected Glb1 promoter fragment was necessary and sufficient to activate expression in 
embryo tissue and was functionally equivalent to the native Glb1 promoter.  Similarly, 
the selected 27zn promoter fragment in the chimeric promoter was necessary and 
sufficient to activate expression in endosperm tissue and was functionally equivalent to 
the native 27zn promoter.  Maize transgenic plants containing the A27znGlb1 chimeric 
promoter fused to GFP were produced to characterize this promoter in vivo.  Quantitative 
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reverse transcriptase PCR was used to determine that the promoter was active in the 
embryo, endosperm, pericarp, and immature leaf tissues.  GFP activity in plants 
containing the chimeric promoter was not significantly different in endosperm than the 
activity of GFP fused to the full-length 27zn promoter, nor was it different in embryo 
than the activity of GFP fused to the full-length Glb1 promoter. Transgene copy numbers 
were shown to be between 4 and 12 copies in different events.     
 
 
INTRODUCTION 
 
 The precise control of transgene activity is a major objective in plant 
biotechnology and is primarily achieved at the transcription level by promoter sequences.  
The choice of promoter is a key decision in biotechnology as the promoter influences the 
temporal and spatial expression of the transgene (Venter 2007).  Chimeric promoters can 
be designed to effectively control transgene activity, increase transgene expression levels, 
and combat homology-based gene silencing (HBGS).  Two methods can be used to create 
a chimeric promoter: 1) cis-elements from one promoter can be replaced with cis-
elements from another promoter or 2) cis-elements can be placed in a synthetic region of 
DNA to create a synthetic promoter (Bhullar et al 2003). 
 Extensive characterization of seed storage proteins that includes their 
developmental and tissue specific regulation has been reviewed (Shewry and Halford 
2002; Tabe et al 2002; Crofts et al 2005; Vicente-Carbajosa and Carbonero 2005).  Seed 
storage protein promoters are useful for producing foreign proteins in seeds because they 
are well characterized and very strong.  In maize, the 27kDa -zein (27zn) promoter, 
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which has endosperm specificity, has been used to drive production of valuable proteins 
(Chikwamba et al 2003; Lamphear et al 2005).  Marzabal et al., (1998) reported that 27zn 
transcription was controlled by a promoter cis-element in the 27zn promoter called the 
bifactorial endosperm box.  The bifactorial endosperm box is a cis-acting element that in 
part regulates 27zn transcription and consists of a 5‟ prolamin box (pb) motif 
(TGT/CAAAG) and a 3‟ GCN4 zein motif (GZM)  (G/ATGAGTCAT/C) (Marzabal 
1998).  The pb motif is a conserved motif found in all classes of zein gene and is 
considered a general transcription enhancer (Ueda et al 1994).  In wheat, the bifactorial 
endosperm box of the low molecular weight glutenin (Hull et al 1991) was reported to 
require both motifs for endosperm-specific transcription to occur (Albani et al 1997). 
 The embryo-preferred Glb1 promoter is another seed storage protein promoter 
that has been used to produce recombinant proteins in maize kernels (Bailey et al 2004).  
Glb1 accumulates to one-half of the total globulin protein content in the embryo, with 
low amounts of Glb1 found in the endosperm (Kriz 1989).  Its regulation has been well 
characterized and transcription is known to respond to the plant hormone Abscisic Acid 
(ABA) (Liu and Kriz 1996).  ABA is a positive regulator of Glb1 expression that acts by 
a gene regulatory pathway that involves Abscisic Acid Response Elements (ABREs) 
located in Glb1 promoter (Kriz et al 1990; Finkelstein et al 2002).  The Glb1 promoter 
ABREs are similar to the wheat Em elements and have the same conserved consensus 
sequence of Em1a: ACGTGGCGA, Em1b: ACGTAGCCG, and Em2: CGAGCCAG and 
are located in positions –118, -76, and –161 bp from the transcription start site (Belanger 
and Kriz 1989).  Promoter deletions of the ABREs have been used to show that these 
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elements are necessary for ABA responsiveness and transcription initiation of Glb1 (Liu 
et al 1998). 
 Given the use of cereal seeds such as maize, rice, and barley to produce valuable 
recombinant proteins for industrial, food and feed, and biopharmaceutical applications, 
increasing the amount of recombinant protein in seed-tissues is important.  Seeds have 
evolved specialized tissues that produce, aggregate, and store protein in a compact space.  
One way to improve the value of grain for nutritional, industrial, and biopharmaceutical 
applications would be by the implementation of biotechnological modifications of seed 
protein content so that valuable proteins are contained in the seed.  Maize seed is ideal for 
valuable protein production because of high seed protein content, high biomass, relative 
ease of transformation, and well-characterized promoters.  In addition, maize, rice, and 
barley seeds have already been successfully used as production platforms for valuable 
protein production for commercialization (Stoger et al 2005).  A limitation of using maize 
seeds as an expression platform is that recombinant proteins accumulate to low levels.  
One way to increase the level of recombinant protein accumulation in seeds is to express 
a protein in multiple seed tissues, thereby creating more recombinant protein per kernel 
(Venter 2007).  Glb1 transcription is highest in embryo, but does show some endosperm 
transcription as well.  Since the Glb1 promoter is already active in the endosperm at a 
low level, enhancing the endosperm activity of the Glb1 promoter by adding zein 
promoter enhancer elements that increase transcriptional activity in endosperm may be a 
method to increase recombinant protein expression in the seed.    
 In the current study, we tested the hypothesis that key promoter elements from the 
27zn and Glb1 promoters can be combined to create a chimeric promoter that has the 
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additive activity of each parent promoter.  We created and tested a series of chimeric 
promoters fused to the reporter gene green fluorescent protein (GFP).  These promoters 
consisted of promoter elements originating from the Glb1 and 27zn promoters and were 
evaluated using a transient expression system to quantify chimeric promoter activity.  We 
then tested a selected chimeric promoter in stable maize transformants to determine its 
tissue specificity.  The chimeric promoter had activity in embryo and endosperm tissue 
that was equivalent to the additive activity of its parent promoters. 
 
MATERIALS AND METHODS 
 
DNA Manipulations 
 
Plasmid pAct1IsGFP-1 (Cho et al 2000) was used to prepare all constructs for transient 
and stable transformations.  Plasmid pAct1IsGFP-1 contained the synthetic green 
fluorescent protein (sGFPS65T) coding sequence (Chiu et al 1996) and nos terminator 
sequences.  Maize promoter sequences through the ATG translational start codon were 
inserted in pActIsGFP-1 using restriction sites XhoI and NcoI so that the maize 
sequences were translationally fused to the GFP coding sequence (Figures 1A and 1B).  
Restriction sites were introduced into maize promoter fragments using PCR amplification 
of genomic DNA with primers containing the desired restriction sites.  PCR reactions 
contained 2μL of maize genomic DNA from the inbred line Va26 (12 ng), 5 μL GoTaq® 
Reaction Buffer and 0.2μL GoTaq® DNA Polymerase (Promega Corporation, Madison, 
WI), 1 μL dNTP (10 mM), 1μL each primer (10 pmol) and 16 μL nuclease-free water. 
PCR was performed at 95°C for 30 sec, 55°C for 30 sec, 72°C for 60 sec repeated for 35 
cycles, and 72°C for 10 minutes.  PCR products were visualized by agarose gel 
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electrophoresis containing ethidium bromide and then cloned into pActIsGFP-1 vector.  
Primers used to develop constructs and promoter PCR product‟s GenBank accession 
numbers are shown in Tables Ia and Ib.  Promoter A27znGlb1 used for plant 
transformation contains the 27zn promoter fragment #10 from Figure 3, and the Glb1 
promoter truncation fragment #3 from Figure 2 and its GenBank accession number is 
EF064989. 
 
Transient Expression 
 
Transient expression assays were used to test the transcriptional activity of promoters 
using the reporter gene GFP.  In our transient expression assay, 13-17 day after 
pollination (DAP) maize kernels of inbred line Va26 were harvested, sterilized, and 
dissected to remove the embryo and endosperm tissues.  Up to 16 embryos or 
endosperms were placed in petri dishes containing Murashigue and Skoog salt and 
vitamin mixture and phytagar (GIBCO).  Transient expression was accomplished by 
biolistic bombardment three times using 1.5 µg of plasmid DNA in each bombardment 
on each petri dish.  Transformed tissues were incubated for 48 hours at 27C in the dark.  
Each bombarded tissue fragment was then ground separately in 200 µL of GFP extraction 
buffer containing 30 mM Tris-HCl, 10 mM EDTA, 10 mM NaCl, and 5 mM DTT.   After 
centrifugation at 10,000g for 10 min and collection of the supernatant, extracted GFP was 
quantified using a spectrofluometer (Tecan, Mannedorf/Zurich, Switzerland) at an 
excitation wavelength of 485 nm and an emission wavelength of 535 nm.  Analysis of 
variance (ANOVA) was performed on each transient expression experiment to establish 
the significance of variation between treatments in the experiment.  Three outliers 
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defined as those measurements with Studentized residuals greater than 3.5 or less than 
negative 3.5 were removed from the analysis.  When significant treatment variation was 
found, means were compared using a Students T test at a 0.05 significance level. 
 
Plant Transformation and Plant Material 
 
Maize plant transformation was performed at the plant transformation facility at Iowa 
State University using microprojectile bombardment with the construct A27znGlb1 co-
bombarded with a construct containing the bar phosphinothricin acetyl transferase gene 
that confers herbicide resistance (Frame et al 2000).  Herbicide resistant T0 callus cells 
were screened for the presence of the transgene by PCR (primers: forward 
CTTAACAACTCACAGAACATCAAC; reverse CGTCCAGCTCGACCAGGATG) 
using GoTaq
®
 Master Mix (Promega Corporation, Madison, WI, USA) and positive calli 
were regenerated to plants.  Plants from each of these events were crossed with the non-
transgenic maize inbred line B73 to produce F1 seed.  We visually screened transgenic 
seeds from twenty-two transformation events for endosperm and embryo fluorescence 
using a Dark Reader UV lamp and GFP filter (Clare Chemical Research, Dolores, CO).  
Ears from six transformation events containing visually detectable GFP expressing 
kernels were identified.  Seeds from these ears were planted and the seeds from three of 
these ears did not germinate.  F1 plants from the remaining three transformation events 
were grown and crossed to the inbred line B73 resulting in BC1F1 kernels.  BC1F1 
kernels were used for the analyses presented here. 
 
Quantitative Reverse Transcriptase RT-PCR to Determine Promoter 
Tissue Specificity in Stably Transformed Plants 
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To determine which tissues contained GFP mRNA, we performed a real-time quantitative 
reverse transcriptase PCR (QRT-PCR) on the transgenic plants.  Transgenic maize tissue 
samples were frozen in liquid nitrogen, ground to a fine consistency and total RNA was 
isolated using Ambion Total RNA kit (Ambion, Austin, TX).  A quantitative real-time 
reverse-transcriptase PCR was performed on 250 ng of total mRNA in a reaction 
containing 12µL Brilliant
® 
SYBR
®
 Green master mix (Stratagene, La Jolla, CA), 12 µL 
of ddH20, 0.05 µL of Stratascript
TM
 RT/RNase Block (Stratagene, La Jolla, CA), and 1 
uL of each primer (0.5 µM final concentration).  Reaction conditions were 55°C for 30 
minutes and 95°C for 10 minutes, followed by 40 cycles of 95°C for 30 sec, 58°C for 
60sec, and 72°C for 30 sec.  This was followed by a dissociation curve from 55°C to 
94°C to characterize the PCR product.  Quantitative measurements were performed using 
the MX3000P real-time PCR system (Stratagene, La Jolla, CA).  PCR reactions were 
evaluated by comparing the dissociation curve for each product to the dissociation curve 
of the expected PCR product.  Expression levels were compared relative to those of actin 
amplified from the same mRNA preparation.  Tissues with mRNA levels of 10,000 fold 
less than the actin mRNA were considered to lack GFP mRNA in the sample.  All 
reactions were run in triplicate and actin reactions were run with an RNA dilution series 
of 1000, 100, 10, 0.1, and 0.01 ng.  This dilution series was used to construct a standard 
curve to determine the level of the target RNA relative to that of actin.  Reactions without 
reverse transcriptase were run to determine if DNA was present in the sample.  If DNA 
was detected, it was destroyed with successive applications of DNase and the experiment 
was repeated.  The target gene in the QRT-PCR was the coding sequence of the GFP 
transgene (primers: forward CTGAAGTTCATCTGCACCACCG: reverse 
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GTGGTTGTCGGGCAGCAGC).  Actin was used as a control (primers: forward 
CCTGAAGATCACCCTGTGCT; reverse CATTAGGTGGTCGGTGAGGT). 
 
Evaluation of Transgene Copy Number 
 
To estimate the transgene copy number, quantitative reverse transcriptase RT-PCR 
analyses were performed using the MX3000P real-time PCR system (Stratagene, La 
Jolla, CA, USA).  A PCR reaction containing 12µL of Brilliant
®
 SYBR
®
 Green master 
mix (Stratagene), 12 µL of ddH20, 1 µL of each primer (0.5 µM final concentration), and 
1 µL of template DNA (6 ng total DNA) isolated from leaf tissue using the Master 
Pure
TM
 Plant Leaf DNA Purification Kit (Epicentre, Madison, WI) was carried out at 
conditions of 95°C for 10 minutes, followed by 40 cycles of 95°C for 30 sec, 59°C for 
60sec, and 72°C for 30 sec.  Reactions were run in triplicate and the results were 
averaged for further analysis. 
 The relative quantitation method that compares a target gene to a known 
endogenous gene (Ginzinger 2002) was used to quantify transgene copy number resulting 
from each transformation event.  The coding sequence of the endogenous gene, Globulin-
1, was used in this experiment and is present in one copy in the genome (Belanger and 
Kriz 1989) (primers: forward CACTGTGGAACACGACAAAGTCTG; reverse 
CTCACCATGCTGTAGTGTCACTGTGAT).  The target gene in this experiment was 
the GFP transgene (primers: forward CCTCGTGACCACCTTCACCTA; reverse 
ACCATGTGATCGCGCTTCT).  Standard curves were created using a 5-fold serial 
dilution series of the template DNA which were used to determine the PCR efficiencies 
for amplification of the GFP transgene and the endogenous Glb1 gene (Bubner et al 
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2004).  Threshold cycles were compared between the Glb1 dilution series and the 
transgene dilution series to determine the copy number of the transgene. 
 
Fluorescence Quantitation in Seed Tissues of Transgenic Plants 
 
Eight transgenic BC1F1 kernels from each event that showed visual fluorescence were 
selected and mature embryo and endosperm tissues were manually separated from the 
kernels and ground with a mortar and pestle into a fine consistency for determination of 
fluorescence levels.  Twenty-eight mg of each tissue sample were placed into a well of a 
black, 96-well flat-bottom assay plate (Corning Inc., Corning, NY).  The fluorescence 
levels of the dry ground samples were measured in triplicate using a spectrofluorometer 
(Tecan, Mannedorf/Zurich, Switzerland) at an excitation wavelength of 485 nm and an 
emission wavelength of 535 nm.  Average fluorescence intensities were calculated for 
each tissue in each event and the non-transgenic control inbred line B73. 
 
RESULTS 
 
Chimeric Promoter Design 
 
The objective of this work was to design a promoter with high transcriptional activity in 
both endosperm and embryo seed tissues and minimal transcriptional activity in other 
tissues.  Our approach was to combine elements of two promoters, one with strong 
endosperm activity and one with strong embryo activity into a single chimeric promoter.  
To develop this promoter, we fused regions known to be important for transcriptional 
activity of the 27zn and Glb1 promoters (Figure 1A).  The chimeric promoter was 
oriented so that the 27zn promoter elements are 5‟ of the Glb1 promoter elements.  The 
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reason for fusing the promoters in this order was that the known Glb1 promoter elements 
are 300 bp upstream of the TATA box in the native Glb1 promoter, while the known 
27zn promoter elements are 700 bp upstream of the TATA box (Figure 1B).  Thus, in the 
chimeric promoter, the relative positions of the cis-elements were maintained relative to 
the locations of these elements in the native promoters.  The chimeric promoters were 
then fused to the coding sequence of the GFP gene sGFP(S65T) (Chiu et al 1996).  To 
identify regions necessary for transcription in the chimeric promoter, two truncation 
series were made using site-directed mutagenesis to create restriction sites which were 
used to remove regions of the promoter.  The first truncation series lacked fragments of 
the Glb1 promoter of different lengths starting at the 5‟ end, with several promoters in the 
series lacking known transcription factor binding boxes such as Em1a, Em2a, or Em2 
(Figure 2).  The second truncation series lacked fragments of different lengths starting 
from the 3‟ end of the 27zn promoter, with several members of the series lacking known 
transcription factor binding sites such as Pb1, Pb2, Pb3/GZM, or Pb4 (Figure 3). 
 
Transient Expression Analysis  
 
To determine the relative strength of the promoters in each chimeric truncation series, 
transient expression analyses of the two series described above were performed in 13-17 
DAP immature embryo and endosperm tissues from the maize inbred line Va26.  
Truncations from the 5‟ end of the Glb1 promoter in Figure 2 had little effect on transient 
GFP expression in embryo tissue until the removal of the Em2 transcription factor-
binding box that decreased fluorescence to the baseline level.  A previous report by Liu et 
al., (1998) showed that removing the Em2 and Em1a elements from the Glb1 promoter 
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inactivated the promoter, as did changing the Em1a element using site directed 
mutagenesis.  The 27zn promoter was not modified in this truncation series; however, 
GFP fluorescence increased in endosperm tissue as larger regions of the Glb1 promoter 
were removed.  This increase may be due to the change in position of the 27zn promoter 
relative to the TATA box.  Removal of portions of the Glb1 promoter decreased the 
distance of the 27zn promoter elements to the TATA box. 
 The truncation series outlined in Figure 3 lacks sequences of different lengths 
starting from the 3‟ end of the 27zn promoter.  The remaining parts of the 27zn promoter 
were fused to a full length Glb1 promoter.  As before, the Glb1 promoter was on the 3‟ 
end of the chimeric promoters near the GFP coding sequence.  Embryo fluorescence was 
not significantly different among members of the truncation series.  Modification of the 
27zn sequences 5‟ of the Glb1 promoter had little effect on Glb1 promoter function.  This 
result was consistent as the Glb1 promoter remained full length and in the identical 
position relative to the TATA box in all members of the experiment.  Fluorescence in the 
endosperm however increased as more DNA was removed from the 3‟ end of the 27zn 
promoter, until the last construct in the series, when promoter activity decreased.  The 
highest level of transient GFP fluorescence occurred in the 27zn promoter truncation 
fragment that was the smallest length but contained the Pb4 and the Pb3/GZM boxes.  
This observation is consistent with the results of the first truncation series: moving the 
key 27zn promoter elements closer to the TATA box increased endosperm transcription 
levels.  Removal of the Pb1 and Pb2 boxes increased the level of transient expression 
relative to construct 6; however, this increase was potentially due to the change in 
proximity of the remaining promoter elements to the TATA box.  Removal of the 
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Pb3/GZM box decreased GFP transient expression to the no-GFP control level in 
endosperm, illustrating the importance of this sequence for endosperm transcription.  
This result is consistent with previous reports that show the importance of both the Pb3 
and GZM boxes on the transcription activity of the 27zn promoter (Marzabal 1998).  The 
data from the truncation series support the hypothesis that the proximity of the 27zn 
Pb3/GZM box to the TATA box is an important determinant of endosperm promoter 
activity. 
 The two transient expression experiments detailed in Figure 2 and Figure 3 
allowed us to design a chimeric promoter containing the parts of the 27zn and Glb1 
promoters that gave the best expression in endosperm and embryo respectively.  The 
truncated promoter with the highest embryo activity from the Figure 2 truncation series 
was # 3, and the promoter with the highest endosperm activity Figure 3 was # 10.  
Therefore, a construct consisting of the portion of the Glb1 promoter from construct # 3 
and the portion of the 27zn from construct # 10 was constructed for further testing.   
 The A27znGlb1 promoter was tested in a transient expression analysis with the 
parent truncated promoter (#3), both of the full length Glb1 and 27zn promoters, and a 
control construct (pUC19) in immature embryo (Figure 4).  The GFP transient expression 
fluorescence level of A27znGlb1 was not significantly different than the parent truncated 
promoter (promoter #3) from Figure 2, nor was it different from the full length Glb1 
promoter in embryo.  The A27znGlb1 promoter was also tested by transient expression 
analysis in immature endosperm (Figure 5).  A27znGlb1 chimeric promoter activity was 
not significantly different from the 27zn full-length promoter nor was it different from 
the parent truncation construct (promoter #10) from Figure 3.  Thus, in transient 
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expression experiments, the strength of the A27znGlb1 chimeric promoter was not 
significantly different than that of the full-length Glb1 promoter in embryo nor was it 
different than the strength of the full-length 27zn promoter in endosperm.  The 
A27znGlb1 promoter was therefore a good candidate to test in stable transformation 
experiments. 
 
Stable Transformation of a Chimeric Promoter 
 
The transient expression results suggested that the A27znGlb1 chimeric promoter should 
be active in both embryo and endosperm tissue.  To determine if this was the case, we 
evaluated the A27znGlb1 in plants stably transformed using microprojectile 
bombardment (Frame et al 2000).  Selection of positive events was based on visual 
evaluation and confirmation of GFP fluorescence.  Seeds from twenty-two transformation 
events were received from the Plant Transformation Facility (Iowa State University, 
Ames, IA).  These 22 events were screened for fluorescence by visual evaluation of the 
F1 seeds.  Six positive events with fluorescence in both embryo and endosperm tissues 
were selected and seeds from these events were planted.  Interestingly, two of the three 
non-viable events had pericarp GFP fluorescence without embryo or endosperm 
fluorescence and small kernels.  Of these 6 GFP positive events, seeds from 3 events 
including those with pericarp expression failed to germinate leaving 3 GFP-positive 
events.  The 3 viable GFP-positive events were crossed to the inbred line B73 and the 
resulting BC1F1 seeds were evaluated visually for GFP fluorescence. As in the F1 
generation, these seeds and were found to contain fluorescence in both the embryo and 
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endosperm seed tissues while no GFP fluorescence was visible in B73 non-transgenic 
control kernels.  Cross sections of these seeds are shown in Figure 6. 
 
Transgene Copy Number 
 
Transgene copy number can influence expression of transgenes in plants.  To determine 
transgene copy number of the A27znGlb1-GFP transgene, we performed a relative 
transgene copy number analysis by quantitative PCR using genomic DNA from F1 plants 
of the three events characterized above as template.  The threshold cycle values of the 
endogenous single-copy Globulin-1 gene were compared to the threshold cycle values of 
the transgene to estimate transgene copy number.  All PCR efficiencies were over 90%.  
Transgene copy numbers ranged from 4 to 10 (Table II) which is typical for particle 
bombardment-mediated transformation. 
 
Tissue Specificity of Stably Expressed A27znGlb1 
 
The objective of this work was to develop a promoter with high activity in seed tissues 
and minimal activity in other tissues.  To determine if the A27znGlb1 promoter met this 
objective, we performed a tissue survey of A27znGlb1 transcript levels in stably 
transformed maize plants using QRT-PCR and compared transcript levels to those of the 
parent promoters, 27zn and Glb1.  We tested field- and greenhouse-grown F1 plants from 
one event (92-2) for the presence of transgene mRNA in different tissues.  Our results 
showed GFP mRNA was located in immature leaf, embryo, pericarp, and endosperm 
tissue (Table III).  Immature leaf was harvested at 4 days after germination and embryo, 
pericarp, and endosperm tissues were taken 18 DAP.  The 27zn promoter activity was 
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shown to be active only in the endosperm tissue (Russell and Fromm 1997).  In a digital 
northern performed in a previous study (Shepherd et al 2007), the Glb1 promoter had 
high activity in embryo, with minor activity in endosperm, tassel, and immature leaf.  
Based on the transient expression results, we predicted the chimeric promoter A27znGlb1 
would direct expression in the endosperm and in the embryo of the seed, but other tissue 
were not tested.  GFP transcripts were found in the pericarp tissue which may be the 
result of GFP expression in the aleurone cells that attached to the pericarp during 
dissection.   
 
Fluorescence Levels in Different Tissues and Transformation Events 
 
The position in which a transgene inserts into the genome can affect the level of 
expression of the transgene (Meyer 2000), however, little information is available about 
whether the genomic context of a transgene influences expression levels differently in 
different tissues.  The transgenic plants bearing the chimeric promoter – GFP construct 
are an ideal tool to address this question because they have strong, easily measurable 
activity in two tissues.  To address this issue, we examined the ratio of embryo to 
endosperm fluorescence in kernels from the different transformation events of the 
chimeric promoter (Figure 6).  We compared these fluorescence ratios among each 
transgene positive event.  Embryo fluorescence was higher than endosperm overall with 
embryo to endosperm fluorescence ratios of 2.9:1, 3.3:1, and 2.8:1 for events 31-4, 81-1, 
and 92-2 respectively.  The relatively small variation in these ratios does not support the 
hypothesis that the genomic context of this transgene influences expression ratios 
differently in different tissues. 
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 To determine the activity of the chimeric promoter A27znGlb1 in transgenic 
plants, we compared three transgenic events (92-2, 31-4, and 81-1) that each contained 
the chimeric promoter to the activity of the native 27zn and Glb1 promoters (Figures 7A 
and 7B).  The native 27zn and Glb1 promoters were fused to GFP and expressed in 
transgenic plants created in a previous study (Shepherd et al 2007).  The events chosen 
for comparison were those with the highest fluorescence level among 3 events for Glb1 
and 2 events for 27zn.  Comparison of the A27znGlb1 promoter to the 27zn and Glb1 
promoter indicated that 2 of the 3 transgenic events containing the A27znGlb1 promoter 
had activity that was not significantly different than the Glb1 promoter in embryo tissue, 
with an average relative fluorescence value (RFU) of 32,000 between events as compared 
to the RFU of the Glb1 transgenic line near 40,000.  A27znGlb1 and the Glb1 promoter 
were significantly higher than the 27zn transgenic line and the B73 non-transgenic 
control in embryo which were both near 10,000 and not significantly different from each 
other.  In endosperm tissue, the A27znGlb1 promoter activity averaged 11,000 RFU 
between events and was not significantly different than the 27zn transgenic line that had 
activity of near 13,000 RFU.  The A27znGlb1 promoter was significantly higher than the 
Glb1 transgenic line with 5,000 RFU, and the B73 inbred line control with about 3,000 
RFU.  Therefore, we conclude that the chimeric promoter A27znGlb1 approximately 
retains the promoter activity of the Glb1 promoter in embryo tissue and the 27zn 
promoter in endosperm tissue. 
 
DISCUSSION 
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 Promoters and the transcription factors that they interact with are key elements of 
transcriptional control.  Maize promoters with high transcriptional activity in seeds have 
been used to express a wide range of recombinant proteins in maize kernels.  The zein 
promoters are very active in the endosperm with little or no activity in other tissues while 
globulin promoters are very active in the embryo with lower activity in other tissues.  To 
create more protein in the seed, it may be possible to modify promoters to be more 
effective.  The objective of this study was to develop a promoter that was 
transcriptionally active in both endosperm and embryo and had minimal activity in other 
tissues of the plant.  This objective was based on the hypothesis that key promoter 
elements from the 27zn and Glb1 promoters can be combined to create a chimeric 
promoter that has the additive activity of each parent promoter. 
To accomplish this objective, we combined elements of the 27zn and Glb1 
promoters to determine if we could produce additive tissue specificity (embryo plus 
endosperm) in a single promoter.  We considered the method of combining the 27zn and 
Glb1 promoters and could have simply combined the promoter elements known to be 
necessary for transcription from the 27zn and Glb1 promoters into a single promoter.  
However, this requires that we know exactly what promoter elements are required for 
transcriptional activity.  The 27zn and the Glb1 promoter regions are well characterized, 
yet there is uncertainty regarding which regions are critical for activity, especially in the 
context of a chimeric promoter.  Therefore, we decided to develop two truncation series 
to determine what regions of each promoter were necessary for activity in the context of a 
chimeric promoter (Bhullar et al 2003).  These truncation series allowed us to find the 
optimal promoter element configuration and consisted of fusions of regions of the 27zn 
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and Glb1 promoter.  We tested the members of each series in transient expression assays.  
A quantitative measurement of GFP expression was required for comparison of members 
of each truncation series, so we measured the fluorescence from a hydrolysate of each 
transiently expressing tissue section and compared the mean values of each treatment.    
The transient expression experiment was divided into two rounds of testing.  The first 
round included two truncation series, one in which the Glb1 promoter was truncated from 
the 5‟ end (Figure 2) and one in which the 27zn promoter was truncated from the 3‟ end 
(Figure 3).  The second round consisted of evaluation of a chimeric promoter containing 
the 27zn and Glb1 promoter elements that were best in the first round of testing.  The 
chimeric promoter tested in the second round was called A27znGlb1 and was compared 
with the native 27zn promoter, the Glb1 promoter, and the parental promoters from the 
first round of testing in transient GFP expression assays.  The activity of the A27znGlb1 
was not statistically different from the promoter activity of its parent promoters or from 
the 27zn and Glb1 promoters.  The effectiveness of this promoter may be explained by 
the fact that the positions relative to the TATA box of the promoter elements known to be 
important in the native promoters were similar in the A27znGlb1 promoter to the 
positions of these elements in the native promoters.   
When the A27znGlb1 promoter was tested in stable transformants, only 6 out of 
22 events were selected based on visual evaluation of GFP to continue in our corn 
breeding program, 3 of which were viable.  Two of the three non-viable events were very 
small kernels and unexpectedly had high levels of GFP fluorescence in pericarp.  We 
attempted to grow all of the kernels that showed this phenotype, however, none of them 
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germinated.  The reason for this is unknown, but may be related to the unusual pericarp 
expression pattern or the small kernel phenotype. 
 We performed a quantitative PCR on the plants stably transformed with 
A27znGlb1 to determine transgene copy numbers.  Our positive selections have a high 
gene copy number relative to the endogenous control gene; this may be due to our final 
selection based on visual evaluation of GFP fluorescence.  Low copy number events may 
have a level of GFP fluorescence that was too low to detect visually. 
 The main objective of this work was to produce a promoter with high activity in 
seed tissues and minimal activity in other tissues.  To determine success, GFP 
fluorescence was evaluated visually in A27znGlb1 stable transgenic and non transgenic 
B73 inbred line kernel cross-sections.  Based on results of the transient expression 
experiments, the A27znGlb1 chimeric promoter activated GFP expression in both 
endosperm and embryo seed tissue (Figure 6).  We also compared GFP expression levels 
of the A27znGlb1 promoter to that of the native promoters Glb1 and 27zn in transgenic 
plants.  The relative fluorescence of GFP endosperm and embryo on a per mass basis 
indicated that the A27znGlb1 chimeric promoter is similar in activity to the Glb1 in 
embryo tissue and to the 27zn promoter in endosperm tissue (Figure 7A and 7B).  The 
results suggest we achieved additive promoter activity by combining the Glb1 and 27zn 
promoter elements in a spatial arrangement within the promoter for optimum activity.  
The selected Glb1 promoter fragment in the chimeric promoter was necessary and 
sufficient to activate expression in embryo tissue and was functionally equivalent to the 
native parent promoter.  The selected 27zn promoter fragment in the chimeric promoter 
 123 
was necessary and sufficient to activate expression in endosperm tissue and was 
functionally equivalent to the native parent promoter.   
 It was important to determine the tissue specificity of the chimeric promoter to 
verify that unexpected transcriptional activities were not introduced by the construction 
of the chimeric promoter.  To this end, we carried out quantitative reverse transcriptase 
PCR on transgenic plant tissues and compared the results to the known activities of the 
27zn and Glb1 promoters.  Our results showed that GFP mRNA was located in the 
endosperm, embryo, immature leaves, and pericarp seed tissues.  GFP transcripts were 
not found in other tissue locations throughout the plant.  Tassel tissue did not contain 
measurable levels of GFP mRNA in the chimeric transgenic line, even though EST 
frequency data suggested that the Glb1 promoter activated expression in that tissue 
(Shepherd et al 2007).  This may be due to gene silencing of the GFP transgene in the 
tassel tissue or GFP transcripts were simply not present in the tassel tissue at the time of 
harvest, a more likely scenario.  GFP mRNA was also found in immature leaves or leaf 
tissues at 8 days after germination.  To our knowledge, zein expression in immature leaf 
has not been reported.  Russell (Russell and Fromm 1997) reported that the 27zn 
promoter activates expression only in the endosperm tissue of maize.  Shepherd et al., 
(Shepherd et al 2007) reported the finding of globulin-1 ESTs in immature leaf and tassel 
using a digital northern approach; however, the tassel EST level was low.  From this we 
can conclude that the mRNA found in immature leaf is likely due to the activity of the 
Glb1 promoter in that tissue.  In light of the results, the A27znGlb1 meets the objective of 
this study and, as with the GFP fluorescence study in embryo and endosperm tissue, 
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supports the hypothesis that different promoter fragments can be combined to create a 
chimeric promoter that acts as effectively as the native parent promoters. 
 The embryo to endosperm fluorescence ratio was relatively constant at 
approximately 3:1 in each event.  This ratio remained constant even though the transgene 
copy number fluctuated from 4 to 10.  This suggests that transgene copy number had no 
affect on the ratio between embryo and endosperm fluorescence levels.  Further 
experiments will have to be performed to determine if changing the promoter 
configuration will change the embryo to endosperm fluorescence ratio. 
 
CONCLUSIONS 
 
 
 The objective of this study was to create a chimeric promoter that activates 
expression of a transgene in maize seed tissues and has minimal activity in non-seed 
tissues.  We combined promoter elements from the 27zn and Glb1 promoters to form 
chimeric promoters that were tested using a transient expression assay.  Transcription of 
the transgene occurred in all seed tissues analyzed and in immature leaves.  The chimeric 
promoter exhibited transgene expression that was equivalent to the sum of the activities 
of the native promoters from which it was derived.  This report is an encouraging attempt 
to design and create a promoter with a novel tissue expression pattern in maize by 
combining elements of endogenous maize promoters. 
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TABLES AND FIGURES 
 
 
Table Ia 
Primers used to create truncated Glb1 construct series 
 Gen Bank 
Accession 
# 
Glb1 construct series 5 
forward primers 
Glb1 construct series reverse 
primers 
1 EF064977 GCTAGCACAAGTTACGACCG GGGTTGGCTGTATGCAGAAG 
2 EF064978 GCTAGCTGAGAGATTTAGGCC GGGTTGGCTGTATGCAGAAG 
3 EF064979 GCTAGCTATTAGTCGTTAGCTTC GGGTTGGCTGTATGCAGAAG 
4 EF064980 GCTAGCAAATTGTCCGCTGCC GGGTTGGCTGTATGCAGAAG 
5 EF064981 GCTAGCCGGAGCCCGGATAAG GGGTTGGCTGTATGCAGAAG 
6 EF064982 GCTAGCCTTCCTCCACGTAG GGGTTGGCTGTATGCAGAAG 
 
 
Table Ib 
Primers used to create the truncated 27zn construct series 
 Gen Bank 
Accession 
# 
27zn construct series forward 
primers 
27zn construct series reverse 
primers 
6 EF064983 CGATCGTCCCGTCCGCGTCAATA ACATGCATGCCACCGAGACGGCTG 
7 EF064984 CGATCGTCCCGTCCGCGTCAATA ACATGCATGCGAATTAGATTTAGCT
TG 
8 EF064985 CGATCGTCCCGTCCGCGTCAATA ACATGCAGCAACGATTTTTGTCCTG 
9 EF064986 CGATCGTCCCGTCCGCGTCAATA ACATGCATGCTGTATCAGATG 
10 EF064987 CGATCGTCCCGTCCGCGTCAATA ACATGCATGCAATTTTGGTTGATG 
11 EF064988 CGATCGTCCCGTCCGCGTCAATA ACATGCATGCGTTGTTTCGTGTTCC 
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Table II 
Transgene Copy Number 
Event Copy Number SD
a
 
31-4 6 0.41 
81-1 10 0.12 
92-2 4 0.43 
a
SD = standard deviation; n= 3 
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Table III 
Quantitative Reverse Transcriptase PCR of total RNA collected from tissues of 
transgenic plants transformed with A27znGlb1-GFP 
 Immature 
leaf 
Cob Root Embryo Silk Leaf Pericarpa Tassel Immature 
Root 
Endosperm 
Chimeric + - - + - - + - - + 
27znb - - - - - - - - - + 
Glb1b + - - + - - + + - - 
 
a
 Pericarp tissue may contain aleurone tissue 
b The 27zn and Glb1 results are taken from the literature as cited in the text
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Figure 1A Glb-1 (embryo) and 27zn (endosperm) constructs with detailed transcription 
factor binding sites.  ATG start site is located at the NcoI restriction site.  GFP is the 
green fluorescent protein coding sequence, and NOS represents the nos terminator 
sequence.  Sequences of known transcription factor binding sites in each construct are at 
right. 
Figure 1B The chimeric promoter construct with combinations of Glb1 and 27zn.  (not to 
scale) 
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Figure 2  Fluorescence measurements of transient GFP expression assays of truncated 
Glb1 construct series.  On the left, truncations of the Glb-1 promoter fused with the full-
length 27zn promoter.  The control construct is pUC19.  The bar graphs show 
fluorescence levels of each construct in embryo and endosperm tissue standardized by 
mass of tissue.  RFU stands for relative fluorescence units.  Error bars are standard 
deviations of the mean.  Levels not connected by same letter within same tissue are 
significantly different, P<0.05. 
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Figure 3  Fluorescence measurements of transient GFP expression assays of the 
truncated 27zn construct series.  On the left, truncations of the 27zn promoter fused with 
the full-length Glb-1 promoter.  pUC19 is the control construct in this figure.  Bar graphs 
show fluorescence levels of each construct in embryo and endosperm tissue standardized 
by mass of tissue.  RFU stands for relative fluorescence units.  Error bars are standard 
deviations of the mean.  Levels not connected by same letter are significantly different, 
P<0.05. 
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Figure 4  Fluorescence measurements in transient GFP expression to evaluate chimeric 
promoter in immature embryo seed tissue.  On the left are chimeric promoters comprising 
of regions of the 27zn and Glb1 promoters.  The bar graph shows fluorescence 
measurements of each construct in embryo seed tissue (15 DAP).  RFU stands for relative 
fluorescence units.  Error bars are standard deviations of the group mean.  Levels not 
connected by same letter are significantly different, P<0.05. 
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Figure 5  Fluorescence measurements of transient GFP expression to evaluate chimeric 
promoters in immature endosperm seed tissue.  On the left are chimeric promoters 
comprising of regions of the 27zn and Glb1 promoters.  On the right are fluorescence 
measurements of each construct in endosperm seed tissue (15 DAP).  RFU stands for 
relative fluorescence units.  Error bars are standard deviations of the group mean.  Levels 
not connected by same letter are significantly different, P<0.05. 
 
 
 
 
 
 
 
 
 
 
 
 
. 
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Figure 6  Visual evaluation of seed cross-sections for GFP fluorescence.  En indicates 
endosperm tissues, Em indicates embryo tissue.  Photographic parameters remained 
constant between each picture. 
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Figures 7A and 7B GFP fluorescence in relative fluorescent units (RFU) embryo (A) 
and endosperm (B) tissue from each chimeric promoter transgenic event and from 
transgenic events that contain the native Glb1 or 27zn promoter.  The Glb1 events 
express the majority of the GFP in the embryo, and the 27zn event expresses GFP in the 
endosperm.  B73 is the non-transgenic inbred line control.  Error bars are standard 
deviations of the group mean.  Levels not connected by same letter are significantly 
different, P<0.05.   
 138 
Chapter 5:  Glb1 promoter activity in immature 
leaf correlates with the presence of a MITE in the 
Glb1 promoter region 
 
A paper to be submitted to the Journal of Plant Physiology 
 
 
CT Shepherd and MP Scott 
 
 
ABSTRACT 
 
To determine the tissue specificity of the Glb1 gene, collections of expressed sequence 
tags (ESTs) from several cDNA libraries were scanned for ESTs derived from Glb1.  We 
found that Glb1 transcripts are present in some libraries annotated as “seedling” or 
“young leaf” of some maize lines but not in others.  Because it is not clear exactly what 
tissues were used to make these libraries, detailed transcript analysis using reverse 
transcriptase RT-PCR in immature leaf of the maize inbred lines B73, Va26, and Mo17 
were carried out.  This analysis showed that Glb1 mRNA was present in B73 and Va26, 
but at a much lower level if at all in Mo17.  To determine potential mechanisms for this 
difference in gene expression patterns, we sequenced the Glb1 promoter in these inbred 
lines and identified two insertions in the Va26 and B73 inbred lines, one being a 
previously reported MITE known as heart healer and the other being a 7 base insertion 
with a sequence that may result from insertion and excision of this same MITE.   Both of 
these insertions were absent in the Mo17 line, resulting in a correlation between the Glb1 
expression pattern in immature leaf and the presence of the putative MITE-induced 
changes in the promoter region. Thus, the genomic rearrangements present in the B73 
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and Va26 lines may have resulted in a gain-of-function mutation that confers immature 
leaf expression to the Glb1 genes of these lines.   
 
INTRODUCTION 
 
 Transcriptional regulation is complex and includes contributions from trans-
factors and cis-elements that are parts of the gene regulatory pathway.  Changes in cis-
elements can positively or negatively affect gene regulation (Sawant et al 2005).  For 
example, in some cases the removal of a positive-acting cis-element in the promoter 
region of a gene can decrease or eliminate the level, tissue location, and/or developmental 
stage expression of that gene.  In contrast, the addition of positive-acting cis-elements to 
the promoter region of a gene can change the tissue and developmental stage expression 
location and enhance the expression level of the gene.  In a previous study, we have 
shown that removing or adding cis-elements of the Glb1 promoter can switch on or 
switch off the transient expression of the marker gene Green Fluorescent Protein (GFP) 
in immature embryo tissue (Shepherd and Scott 2007).  Interactions mediated by cis-
elements in the promoter regions of genes have far reaching effects on gene expression. 
 Transposable elements contribute to the dynamic nature of genomes so that 
species are able to respond and adapt to changing environments.  Transposable elements 
can alter gene function through promoter enhancement or repression, position effect or 
enhancer blockage, intron disruption, and coding sequence disruption as described in 
published reviews (Bennetzen 2000, 2005).  The frequency of transposition is dependent 
upon the size of the transposable element, with larger transposons undergoing 
transposition less frequently (Izsvak et al 2000).  Conversely, small transposons, such as 
 140 
the miniature inverted repeat transposable element (MITE), are usually present in high 
copy numbers within the genome and prefer transposing near genic regions (Zhang et al 
2000).  MITEs have short terminal inverted repeats of 9-14 bases and create target site 
duplications, both characteristics of Class 2 (DNA) transposons (Feschotte et al 2002).  
Typical transposons are several thousand base pairs long but MITEs are typically less 
than 500bp.  MITEs are proposed to be major contributors to genome evolution because 
they are present in high numbers in the genome and they have the ability to change the 
expression level of genes (Yang et al 2005).  The transposition of some forms of MITEs 
into the promoter regions of genes may contribute, alter, or destroy cis-elements that 
positively or negatively affect gene expression. 
 The storage globulins of maize are 7S vicilin-type globulins that are found as 
trimeric proteins in the range of 150-190 kDa and are some of the most abundant proteins 
in the embryo tissue, comprising from 10 to 20% of the embryo protein content (Kriz 
1989).  The storage globulins function as seed storage proteins, which provide nitrogen 
and carbon to the seedling during germination and early growth (Kriz and Wallace 1991).  
Of the maize globulins, the most abundant is the globulin-1 (Glb1) encoded by the single 
copy Glb1 gene.  Globulins are primarily found in embryo tissue of maize, but they are 
also found at low levels in endosperm and aleurone tissue (Belanger and Kriz 1989).  In 
the developing embryo, globulins accumulate in response to the plant hormone abscisic 
acid (ABA) which interacts with the globulin promoter through abscisic acid response 
elements (ABRE).  Several ABREs in the Glb1 promoter confer ABA response: Em1a 
(ACGTGGCGA), Em1b (ACGTAGCCG), and Em2 (CGAGCCAG) are located at -118, 
-76, and -161, respectively, from the transcription start site (Liu and Kriz 1996). 
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Transcription of Glb1 in the embryo is heavily dependent upon the ABREs and previous 
reports show that removing ABREs can affect transcription (Liu and Kriz 1996).   
Although the ABREs are known to affect embryo transcription, it is unknown if other 
promoter elements exist that could affect immature leaf transcription levels. 
 In the current study, we have shown that Glb1 ESTs are present in the embryo, 
endosperm, seedling, and to a lesser extent in the tassel of maize.  Interestingly, the Glb1 
ESTs in the seedling differ in quantity between maize lines, while embryo and endosperm 
EST levels remain relatively constant.  The objective of the current study was to 
investigate the potential mechanism for the difference in seedling expression.  Glb1 
promoter sequences from B73, Mo17 and Va26 were determined and differences found 
included a ~200 bp sequence that is missing in the Mo17 inbred line, but present in the 
B73 and Va26 inbred lines.  This missing sequence has been reported to be a MITE 
termed heart healer (Bhattramakki et al 2002) and its location in the promoter region of 
the Glb1 gene suggests it may be involved in regulating gene expression.  This sequence 
may be responsible for the seedling expression and may represent the first known MITE 
insertion that changes gene tissue specificity.  The result of the current study identifies a 
correlation between the presence of a MITE in the Glb1 promoter region and expression 
of Glb1 in the immature leaf (a major tissue of the seedling) of maize.   
 
 
 
MATERIALS AND METHODS 
 
Comparing Glb1 EST Frequency in a Digital Northern 
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 A digital northern was performed on ESTs from tassel, embryo, endosperm, and 
seedling specific cDNA libraries located at MaizeSeq (http://www.maizeseq.org).  The 
Glb1 gene sequence (accession # X59084) was utilized in the Blastn search function on 
the MaizeSeq website to identify sequences with 95% similarity.  Only sequences with an 
E-value of 0.0 were selected for associating ESTs.  ESTs matching the Glb1 gene 
sequence were counted and divided by the total number of ESTs in the library to get the 
EST frequency.  Libraries were specific to genotype and tissue (embryo, endosperm, 
tassel, and seedling), and libraries from identical genotypes were grouped together to 
simplify results.  Libraries ranged in size from 225 to over 14,000 EST sequences.  
Libraries designated as whole seedling were not selected.  The frequency of the ESTs 
represents the transcript level of the Glb1 gene. 
 
Glb1 mRNA level Analysis by qRT-PCR 
 To determine the transcript level of Glb1 in immature leaf, we performed a 
quantitative reverse transcriptase RT-PCR experiment.  Immature leaves, a major tissue 
of the seedling, from inbred maize lines B73, Va26, and Mo17 were harvested, frozen in 
liquid nitrogen and ground to fine consistency.  Total RNA was isolated using Ambion‟s 
ToTALLY RNA kit (Ambion, Inc., Austin, TX).  A quantitative reverse transcriptase 
RT-PCR was performed on 100 ng of total RNA in a 26 uL reaction containing 12 uL 
Brilliant
®
 SYBR
®
 Green master mix (Stratagene, La Jolla, CA), 12 uL of ddH20, 0.05 uL 
of Stratascript
TM
 RT/RNase Block (Stratagene, La Jolla, CA), and 1 uL of each primer 
(0.5 µM final concentration).  Actin was amplified as a positive control.  Primer 
sequences are as follows: Glb-1: forward: GCCGTTCGACGAGGTGTC, reverse: 
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ACGATGATCCCCTTGTCCTG, Actin: forward: CCTGAAGATCACCCTGTGCT: 
reverse: CATTAGGTGGTCGGTGAGGT. Cycling conditions were 55°C for 30 
minutes, 95°C for 10 minutes, followed by 40 cycles of 95°C for 30 sec, 56°C for 60 sec, 
and 72°C for 30 sec, followed by a dissociation curve from 55°C to 94°C to characterize 
the PCR product.  Reactions were performed using the MX3000P real-time PCR system 
(Stratagene, La Jolla, CA).  Level of mRNA was determined by cycle threshold (Ct 
value) that identifies the reaction cycle number in which the fluorescence reached a 
threshold value and was inversely proportional to the level of the target mRNA; the 
higher the Ct value, the lower the amount of target mRNA (Wacker and Godard 2005).  
Glb1 reactions were run in triplicate and actin reactions were run in duplicate.  Negative 
controls included reactions without reverse transcriptase to determine if DNA remained 
in the sample, and if it did remain, it was destroyed with applications of RQ1 RNase-free 
DNase (Promega Corporation, Madison, WI). 
 
Promoter Sequence Comparison 
 To determine the promoter sequences of Glb1, genomic DNA was isolated from 
inbred lines B73, Va26, and Mo17 and promoters were amplified using PCR.  Primer 
sequences were as follows: Glb1 promoter primers: forward 
GCCAACCAAACTTTTTGTGG: reverse TATGCAGAACTAAAGCGGAGG).  PCR 
fragments were cloned into the TOPO-TA Cloning
®
 vector system (Invitrogen, Carlsbad, 
CA).  PCR fragments were sequenced at the Iowa State University DNA facility.  
Alignment of promoter sequences was performed by using the program VectorNTI 
AlignX (Invitrogen, Carlsbad, CA) that uses a Clustal W algorithm with optimal settings.     
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RESULTS 
 
 
EST Frequencies of Glb1 in a Digital Northern 
 Glb1 has been reported to be expressed in embryo and endosperm but not in 7 day 
old seedlings, immature tassel or unfertilized ears (Belanger and Kriz 1989).  However, 
surveys of EST collections revealed the presence of Glb1 transcripts in embryo, 
endosperm and immature leaf/seedling, tassel and leaf (Shepherd et al 2007).  It is 
possible these differences are due to genotypic differences.  To determine if genotypic 
differences in Glb1 expression patterns exist, we examined maize Glb1 ESTs from 
MaizeSeq (http://www.maizeseq.org) and counted the number of ESTs from Glb1 in 
cDNA libraries specific to genotype and either embryo, endosperm, tassel, or seedling 
tissues.  The frequency of an EST in a given library is an indication of the percentage of 
mRNA representing that transcript.  The Glb1 gene is expressed in embryo and 
endosperm tissues (Kriz 1989) and this was confirmed by EST analysis performed in a 
previous study (Shepherd et al 2007).  Additional EST data indicated that Glb1 
transcripts were present in tissues not known to contain Glb1 (Shepherd et al 2007).  
However, comparison of data from seedling-specific EST libraries from maize lines of 
different genotypes indicated that Glb1 was not present in one of the lines.  The Glb1 
EST frequency in B73 seedling was 0.05 whereas in the MBS847 genotype it was 0.00.  
In addition, no Glb1 ESTs were found in a young leaf library from the genotype DK604 
even though it contained 9,196 ESTs. (Table I).  These observations suggest that the 
accumulation of the Glb1 transcript in young leaf tissue varies by genotype, however this 
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conclusion is complicated by the fact that no data was given on the exact stage of 
development of the seedling or young leaf used to make the library, nor was it clear what 
tissues were contained in the seedling library.  While the frequency of Glb1 ESTs in 
embryo and endosperm libraries is variable, no embryo or endosperm libraries were 
found that were lacking Glb1 transcripts.  Three Glb1 ESTs were found in a tassel-
specific library of the genotype A188 out of 20,782 total ESTs while no Glb1 ESTs were 
found in a small tassel-library of the genotype DK604.   
 
Analysis of Glb1 Transcripts in Immature Leaf by Reverse Transcriptase PCR 
 Based on the observation that Glb1 EST frequencies may vary among genotypes 
in seedlings and/or young leaves, we decided to determine the level of Glb1 transcript 
accumulation in immature leaf tissue in inbred lines B73, Va26, and Mo17 using reverse 
transcriptase RT-PCR. Using 100 ng of mRNA template, actin Ct values were similar in 
each inbred line (Figure 1), indicating the mRNA quality and concentration was similar 
in each mRNA preparation. The Glb1 Ct values were similar in the reactions with B73 
and Va26 mRNA, but the Mo17 Ct values were higher or not determinable.  Examination 
of the dissociation curves of the reaction products showed one major peak in the B73 and 
Va26 Glb1 product, but in the Mo 17 reactions this peak was smaller or non-existent and 
the reaction contained spurious products that arose in the in the later cycles (data not 
shown).  We interpret this to mean that we were near the limit of detection of the Mo17 
Glb1 transcript. If this is the case, then in immature leaf tissue the Glb1 mRNA in Mo17 
was reduced relative to the Glb1 mRNA in B73 and Va26.   
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Promoter Sequence Comparison 
 Given the different transcript accumulation patterns of the Glb1 gene in the inbred 
lines examined, we next sought to determine the cause of these differences.  The Glb1 
promoter has been characterized and several DNA-binding elements have been identified 
(Liu and Kriz 1996).  To determine if differences existed in the Glb1 promoter between 
the B73 and Va26 inbred lines that have immature leaf Glb1 expression compared to the 
Mo17 inbred line that does not have immature leaf Glb1 expression, we sequenced the 
1352 bp upstream of the ATG start codon of the Glb1 gene in each inbred line and 
compared the resulting sequences.  Three types of changes were identified that correlated 
with expression in immature leaf (i.e. present in B73 and Va26 but absent in Mo17). 
 First, fifteen point mutations were identified that correlated with Glb1 expression 
in immature leaf.  None of these changes were in any of the three ABREs known to be 
present in this promoter (Figure 2).   
  Second, sequence comparison revealed a 184 bp insertion in the Glb1 promoter 
between the lines that are differentiated by Glb1 immature leaf expression.  This insertion 
has been previously reported as a miniature inverted repeat transposable element (MITE) 
called heart healer (Bhattramakki et al 2002).  The location of the MITE is roughly 450 
bp from the translation start site where it could conceivably affect Glb1 expression 
(Figure 2).  This insertion was present in B73 and Va26 but was lacking in Mo17.  There 
was no indication of a target site duplication in the Mo17 sequence, suggesting either that 
the transposon has never been in this location in this genotype or that the transposon 
excised cleanly without leaving a footprint. 
Third, a seven bp insert in the B73 and Va26 sequences are found near position 74 
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(Figure 2).  The last five bases of this insert form a direct repeat (TTACA) with the 
sequence immediately preceding this insert, which was consistent with this sequence 
being a transposon footprint.  It is notable that this direct repeat contains the target site 
duplication of the heart healer MITE (TTA).  Intriguingly, the six bases immediately 
following this insertion (AAAATG) match the six bases immediately following the 
insertion site of the full-length MITE also found in this promoter.  This sequence, 
together with the MITE target site duplication, created a striking homology between the 
target site of the putative transposon insertion event that created the footprint and the 
target site of the full length MITE (Figure 3).   This target site similarity and the target 
site duplication within the footprint may be evidence that the footprint was caused by the 
insertion and excision of a heart healer MITE similar to the full length MITE found 
nearby.     
 Thus, it appears that a complex transposon mediated rearrangement contributed to 
the genomic sequence of the Glb1 promoter in the inbred lines B73 and Va26.  This 
rearrangement may have resulted in a gain of function mutation enabling expression of 
the Glb1 gene in immature leaf. 
 
 
DISCUSSION 
 
 In an effort to clarify the expression pattern of Glb1, we examined EST 
frequencies in a wide range of libraries at www.Maizeseq.org.  While it is difficult to 
determine exactly what tissue was used to make some of the libraries, if we assume that 
libraries annotated at “seedling” contain some immature leaf tissue, then EST frequency 
analysis of Glb1 revealed that Glb1 transcripts accumulate in immature leaf in some 
 148 
genotypes and not in others.  Differences in Glb1 transcript level occur in embryo and 
endosperm tissues as judged by EST frequencies, but no EST libraries from embryo or 
endosperm were identified that completely lacked Glb1 transcripts.   
To characterize Glb1 transcript levels in immature leaf tissue more precisely, we 
examined transcript accumulation in this tissue using reverse-transcriptase RT-PCR.  We 
chose immature leaf because it is a major tissue of the seedling.  It was found that Glb1 
transcripts in immature leaf tissue were present in lines B73 and Va26 but were present at 
a reduced level if at all in Mo17 (Figure 1).  This was likely due to differences in trans-
factors or cis-elements between the inbred lines that account for the variant expression 
levels. 
 Changes to cis-elements of a promoter can affect the influence the promoter has 
on gene expression.  To identify differences in the promoter regions of Glb1 between the 
inbred lines used in this study, we sequenced the promoters of Glb1 in the B73, Mo17, 
and Va26 inbred lines and determined that a correlation existed between the expression 
of Glb1 in immature leaf and the presence of a heart healer MITE, a 7 bp putative MITE 
excision footprint, and 15 point mutations in the promoter region.   
 The positive correlation between the presence of the MITE and the presence of 
the Glb1 transcripts in immature leaf indicates a possibility that the MITE was 
responsible for immature leaf expression.  If the insertion of the MITE confers immature 
leaf expression, this would represent a novel example of a transposon-mediated gain of 
function mutation that results in a change in tissue specificity of a gene.  There are 
several mechanisms by which this change in specificity may occur.  Kiddo, a rice MITE, 
affects gene expression primarily through DNA methylation of the MITE DNA sequence 
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that represses gene expression (Yang et al 2005).  Another option is that the MITE in the 
Glb1 promoter may contain cis-elements  that are potential targets for trans-factors that 
regulate the expression of genes in immature leaf.     
 Some single base-pair changes have been identified in the promoter region of 
Glb1 outside of the MITE that correlate with the expression patterns of Glb1 in immature 
leaf.  Although none of these changes create or destroy a cis-element, they cannot be 
ruled out as factors controlling expression of Glb1.  In addition, trans-factors that confer 
immature leaf expression may also be acting to control the immature leaf expression, or 
they may act additively with a cis-element within the Glb1 promoter and cannot be ruled 
out as factors controlling Glb1 expression in immature leaf either.  Another possibility is 
that Glb1 transcription is activated by the plant hormone ABA, and differences in ABA 
levels between the inbred lines in the immature leaf tissue may be affecting Glb1 
expression levels.   
 Transposons that undergo excision typically leave altered nucleotide sequences at 
the site of integration termed “footprints” that can affect gene expression; however, this is 
not always the case (Singer et al 1998).  The absence of a footprint in the Mo17 line at 
the target site at which the MITE is currently positioned in B73 and Va26 suggests the 
MITE did not excise from this location, but rather, has never been at that position.  
MITEs may excise similarly to other transposons and may not always leave a footprint 
after excision and the possibility remains that the MITE was present in Mo17 and excised 
without leaving a footprint.  In addition, a potential footprint at base pair 74 in the B73 
and Va26 indicates a MITE or other transposon was present and then excised.  The target 
site duplication in this case was TTACA with the duplication present in the B73 and 
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Va26 while Mo17 contained only one copy of target site (Figure 2).  Interestingly, the 
target site at both locations is directly flanked by the sequence AAATG, which may 
represent a preferred insertion site for transposon insertion.  However, a search of two  
other heart healer MITE flanking sequences that have been reported (genbank accessions 
AF323025 (Bhattramakki et al 2002) and AY559224 (Kolkman et al 2005)) did not 
reveal this flanking sequence.  The footprint at base pair 74 also contained an additional 
TA that apparently was not part of the target site.  This may be due to an imprecise 
excision common in MITEs as evidenced by two recent reports involving the active 
MITE mPing (Kikuchi et al 2003; Nakazaki et al 2003).  A more in depth study will need 
to be performed by looking back into the lineages of Va26, B73, and Mo17 to determine 
if the footprint at site 74 ever contained a MITE and if the MITE currently in the Glb1 
promoter of Va26 and B73 is influencing gene expression. 
 The expression pattern of Glb1 in immature leaf, the presence of the MITE in the 
promoter region of Glb1, the presence of the putative transposon footprint in the Glb1 
promoter region, and the 15 point mutations are identical for the B73 and Va26 inbred 
lines.  This is because the B73 and Va26 inbred lines are both derived from Reid‟s yellow 
dent and are more closely related to each other than they are to Mo17, which is derived 
from Lancaster.  The results therefore suggest that the presence of the MITE and the 
footprint in the Glb1 promoter occurred after the divergence of the ancestral line of B73 
and Va26 from the ancestral line of Mo17, but before the divergence of B73 and Va26.  
To determine when the transposition event occurred, we will need to examine varieties 
related to ancestral lines of current maize inbred lines.     
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CONCLUSION 
 
 A complex set of genomic rearrangements probably involving two transposon 
transposition events resulted in the presence of a 180 bp MITE and other changes in the 
Glb1 promoter of the inbred lines B73 and Va26, while these transposition events 
appeared to not have occurred in the inbred line Mo17.  These changes correlate with the 
presence of Glb1 transcripts in immature leaf in B73 and Va26.  These genomic 
rearrangements may represent a gain of function mutation that confers immature leaf 
expression to the Glb1 gene in the lines Va26 and B73. 
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TABLES AND FIGURES 
 
 
    Table I     
Genotype Tissue 
ESTs 
Number Total Frequency 
B73 embryo 18 1199 1.50% 
LH132-like embryo 28 5303 0.53% 
DK604 embryo 170 14122 1.20% 
LH200x216 embryo 7 3671 0.19% 
     
B73 seedling 6 11114 0.05% 
MBS847 seedling 0 2158 0.00% 
     
DK604  young leaf 0 9196 0.00% 
     
B73 endosperm 1 587 0.17% 
DK604 endosperm 12 10362 0.12% 
H99 endosperm 1 1134 0.09% 
     
A188 tassel 3 20872 0.01% 
DK604 tassel 0 225 0.00% 
 
Genotype and tissue are the annotations provided in the maizeseq.org database for each 
library examined.  ESTs indicate the number of ESTs matching Glb1, total number of 
ESTs in each library, and frequency of ESTs which is the number of Glb1 ESTs divided 
by the total.   
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Figure 1 Glb1 and Actin transcript levels in immature leaf of maize inbred lines B73, 
Va26, and Mo17.  The same concentration of mRNA was amplified by reverse 
transcriptase RT-PCR with Glb1 and Actin primers.  Ct value is inversely related to the 
logarithm of the initial # of template molecules, therefore, the higher the Ct value the 
lower the # of template molecules.   
* The quantitative reverse transcriptase RT-PCR for Glb1 mRNA produced spurious 
products late in amplification in 2 of the 3 reactions and the data shown essentially 
represents a level of Glb1 mRNA in Mo17 in immature leaf that is at the limit of 
detection. 
 
 
 
 
 
 
* 
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Figure 2 Sequence alignments of the promoter regions for B73, Va26 and Mo17 inbred 
lines.  The two solid boxes identify the terminal inverted repeats (TIR) of the MITE and 
the double underlines identify the target site duplication (TSD).  The dotted box identifies 
the potential footprint left by an excised MITE leaving a TSD and additional sequences.  
The arrows indicate the flanking sequence.  The +1 indicates the translation start site. 
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Figure 3 Target sites of the two DNA inserts in the B73 and Va26 promoter regions.  The 
asterisk indicates the positions of the inserts.  The top line is the target site of the putative 
transposition event that left the 7 bp insert and the bottom line shows the target site of the 
heart healer MITE insertion.  Spaces were inserted into the bottom sequence to optimize 
the alignment. 
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Chapter 6:  General Conclusion 
 
 
 GFP is a marker protein that can be used for a variety of biological studies.  In our 
studies, we have used GFP to quantify promoter activity in transient expression analysis 
and in stably transformed plants.  We have also used GFP to determine the efficiency of 
dry milling and recovery of protein in the separate tissue fractions.  GFP‟s ease of use 
makes it a valuable part of our studies, as our visual evaluation of the results indicated.  
In our research, we have used the visual evaluation of GFP to sort positive transgenic 
seeds and to determine tissue expression location.   
 There are four conclusive results from this dissertation.  First, transgenic plants 
have been created that aggregate GFP in the maize seed tissues, and these tissues can be 
separated and GFP quantified.  Second, dry milling of these transgenic plants results in 
the ability to measure GFP in each fraction, and the efficiency of the dry-milling process 
can be measured.  Third, a chimeric promoter composed of transcription elements from 
different seed specific promoters was created and tested in transient and stable 
transformation experiments, and expresses GFP in the embryo and endosperm seeds 
tissues, simultaneously.  Fourth, a complex set of genomic rearrangements probably 
involving two transposon transposition events results in the presence of a 180 bp MITE 
and other changes in the Glb1 promoter of the inbred lines B73 and Va26, while these 
changes are lacking in the inbred line Mo17.  These changes also correlate with the 
presence of Glb1 transcripts in immature leaf in B73 and Va26.   
 Dry-milling efficiency is important to determine if dry-milling processes are 
performed as designed.  To determine dry-milling efficiency, we used GFP-containing 
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corn in dry-milling experiments, and measured the recovery rates of GFP in each 
fraction.  Our results indicated that current dry-milling methods are not highly efficient in 
fractionation, as contamination from other tissues is present in each of the hull, germ, and 
endosperm fractions.  Future experiments will change dry-milling methods to determine 
the most effective parameters in separating the fractions with much less contamination 
from other seed tissues.   
 Recombinant protein production in maize kernels is growing in occurrence 
because the maize kernel is well adapted to producing and storing varying types of 
protein.  Increasing the amount of recombinant protein production in maize kernels is a 
major objective of researchers to optimize protein production activity.  One method of 
increasing recombinant protein production is to simultaneously produce a protein in 
multiple seed tissues.  To achieve this, we first had to develop a promoter that could 
express a protein in the entire seed without expressing the protein anywhere else in the 
plant.  Our results indicated we created a chimeric promoter that expresses GFP in the 
embryo and endosperm seed tissues, but does not express GFP in other tissue of the 
mature plant.  Future experiments will be designed to increase the expression levels 
attributed to this chimeric promoter, and to develop new promoters based on the chimeric 
concept that can drive production of recombinant proteins to very high levels in maize 
seeds.  Moreover, our future work will also focus on elucidating the control functions of 
these new promoters, and other methods we can use to create new promoters that perform 
the same function. 
 A complex transposon mediated rearrangement may have contributed to the 
genomic sequence of the Glb1 promoter in inbred lines B73 and Va26.  Fifteen point 
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mutations in the Glb1 promoter, the presence of a known MITE, and the presence of a 
putative transposon footprint were identical in the B73 and Va26 inbred lines and 
correlated with the accumulation of Glb1 transcripts in immature leaf.  The inbred line 
Mo17 did not appear to have undergone this transposon mediated rearrangement in the 
Glb1 promoter and does not accumulate Glb1 transcripts in immature leaf.  The 
mechanism for this change in activity of the Glb1 promoter may involve the MITE 
influencing transcription.  Future experiments will be designed to test the affect the MITE 
has on transcription, determining the extent of the transposon mediated rearrangement in 
the Glb1 promoter in ancestral lines of B73, Va26, and Mo17, and the effect the point 
mutations in the Glb1 promoter may have on transcription.  Resolving these experiments 
will add to our understanding of the Glb1 promoter and the effect that transposition has 
on its activity.   
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